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ABSTRACT
TEMPERATURE DEPENDENCE OF HYPERFINE 
PRESSURE SHIFTS:
N a2 3 , K3 9 , AND Rb85  IN He,  Ne,  A r ,  AND N2
by
BRUCE L. BEAN
The m e th o d s  o f  h i g h  t e m p e r a t u r e  and low t e m p e r a t u r e  
o p t i c a l  pum ping  h a v e  b e e n  used  t o  m e a s u r e  t h e  t e m p e r a t u r e  
d e p e n d e n c e  o f  t h e  h y p e r f i n e  p r e s s u r e  s h i f t s  o f  Na2 3 , K3 9 , 
and  Rb ^  i n  He, Ne, A r ,  and N2 b u f f e r  g a s e s  o v e r  t h e  
t e m p e r a t u r e  r a n g e  -1 2 5  t o  8 5 0 °C. The f i r s t  d e f i n i t e  
n o n - l i n e a r  t e m p e r a t u r e  d e p e n d e n c e  h a s  b e e n  f o u n d .  A l l  t h r e e  
a l k a l i e s  showed d e f i n i t e  maxima i n  Ne,  a s  d i d  Na i n  Ar and 
K and Rb i n  Ng• I n  a d d i t i o n ,  Na i n  A r  h a s  a z e r o  p r e s s u r e  
s h i f t  a t  6 2 5 + 2 5 °C. L o w -o r d e r  p o l y n o m i a l  f i t s  o f  t h e  
p r e s s u r e  s h i f t s  vs t e m p e r a t u r e  h a v e  b e e n  c a l c u l a t e d  f o r  e a c h  
a l k a l i  and  b u f f e r  g a s .
CHAPTER I
INTRODUCTION
O p t i c a l  pumping was o r i g i n a l l y  p r o p o s e d  b y  Nastier"*" 
i n  1 9 5 0 , and s i n c e  t h a t  t i m e  i t  h a s  become a n  i m p o r t a n t  
m e thod  f o r  m a k in g  p r e c i s e  m e a s u r e m e n t s  o f  a t o m i c  h y p e r f i n e  
s t r u c t u r e  ( h f s ) .  The pumping p r o c e s s  i n v o l v e s  p o l a r i z i n g  a 
s a m p le  o f  g r o u n d - s t a t e  a to m s  i n  a n  o p t i c a l  pum ping  c e l l  by 
i l l u m i n a t i n g  t h e  sa m p le  w i t h  c i r c u l a r l y  p o l a r i z e d  r e s o n a n c e  
r a d i a t i o n .  I f  an  r f  m a g n e t i c  f i e l d  i s  t h e n  a p p l i e d  a t  t h e  
h y p e r f i n e  f r e q u e n c y ,  t r a n s i t i o n s  b e t w e e n  l e v e l s  w i l l  o c c u r  
and t h e  s a m p le  w i l l  become d e p o l a r i z e d .  The s u b s e q u e n t  
r e a b s o r p t i o n  o f  r e s o n a n c e  l i g h t  c a n  be  d e t e c t e d  by  
m o n i t o r i n g  t h e  l i g h t  t r a n s m i t t e d  t h r o u g h  t h e  s a m p l e .
T h i s  m ethod  c a n  a l s o  be  u sed  t o  d e t e c t  s m a l l  c h a n g e s  
i n  t h e  h y p e r f i n e  f r e q u e n c y  o f  a n  a to m  due t o  p e r t u r b a t i o n s
p
f ro m  i t s  e n v i r o n m e n t .  W i t t k e  and  D ic k e  i n  195^ fo u n d  t h a t
t h e  i n t r o d u c t i o n  o f  a s m a l l  am ount  o f  H2 g a s  i n t o  a
m ic ro w av e  a b s o r p t i o n  c e l l  c o n t a i n i n g  a t o m i c  H s h i f t s  t h e  H
h y p e r f i n e  f r e q u e n c y .  T h e i r  o r i g i n a l  r e a s o n  f o r  i n s e r t i n g
t h e  g a s  was t o  e l i m i n a t e  t h e  D o p p l e r  b r o a d e n i n g  o f  t h e  
3
r e s o n a n c e ,  t h e r e b y  d r a m a t i c a l l y  d e c r e a s i n g  t h e  l i n e w i d t h s .  
The,y a l s o  f o u n d  t h a t  t h e  p r e s e n c e  o f  a g a s  w i l l  i n c r e a s e  t h e  
r e s o n a n t  s i g n a l  s t r e n g t h  by d e c r e a s i n g  t h e  r e l a x a t i o n  due t o  
c o l l i s i o n s  b e t w e e n  t h e  pumped a to m s  and  t h e  c e l l  w a l l s .
T h e s e  h y p e r f i n e  f r e q u e n c y  s h i f t s  due t o  o t h e r  g a s e s  p r e s e n t
1
2w e r e  c a l l e d  " p r e s s u r e  s h i f t s "  a f t e r  a n  a n a l o g o u s  e f f e c t  o n  
t h e  f i n e  s t r u c t u r e  f r e q u e n c i e s .  The g a s e s  w e r e  c a l l e d  
" b u f f e r "  g a s e s  s i n c e  c o l l i s i o n s  b e t w e e n  pumped g r o u n d - s t a t e  
a to m s  and t h e  b u f f e r  a to m s  do n o t  d i s o r i e n t  t h e  pumped 
a t o m s .
The m e a s u r e m e n t  o f  h y p e r f i n e  p r e s s u r e  s h i f t s  was t h e
s u b j e c t  o f  i n t e n s i v e  i n v e s t i g a t i o n  o v e r  t h e  n e x t  d e c a d e .
P r e s s u r e  s h i f t s  o f  a l l  t h e  a l k a l i e s  w e re  d e t e r m i n e d  i n  t h e
i n e r t  g a s e s ,  a s  w e l l  a s  s h i f t s  o f  o t h e r  S - s t a t e  g r o u n d - s t a t e
4
a to m s  i n  s e v e r a l  b u f f e r  g a s e s .  A l l  o f  t h e s e  e x p e r i m e n t s
showed f r e q u e n c y  s h i f t s  w h ic h  dep en d  l i n e a r l y  o n  t h e  b u f f e r
5
g a s  p r e s s u r e .  E n s b e r g  i n  1969  m e a s u r e d  a q u a d r a t i c  
p r e s s u r e  s h i f t  t e r m  and  showed t h a t  t h e  p r e s s u r e  s h i f t  i s  
l i n e a r  up t o  a p r e s s u r e  o f  s e v e r a l  a t m o s p h e r e s .
The h y p e r f i n e  f r e q u e n c y  s h i f t s  a l s o  depend on t h e  
s a m p le  t e m p e r a t u r e ,  and  s e v e r a l  t e m p e r a t u r e  d e p e n d e n c e  
m e a s u r e m e n t s  w e re  made o v e r  v e r y  l i m i t e d  t e m p e r a t u r e  
r a n g e s ^  ( 1 0 - 6 0 ° C ) .  T e m p e r a t u r e  d e p e n d e n t  work r e c e i v e d  a
1 O
b i g  b o o s t  by  B a l l i n g  i n  1969  w i t h  t h e  i n t r o d u c t i o n  o f  h i g h
t e m p e r a t u r e  o p t i c a l  pu m p in g .  W i th  t h e s e  t e c h n i q u e s  p r e s s u r e
s h i f t s  h a v e  b e e n  m e a s u re d  o v e r  a t e m p e r a t u r e  r a n g e  f ro m  room
t e m p e r a t u r e  t o  850°C .  A l a t e r  a n a l o g o u s  t e c h n i q u e  f o r  low
13t e m p e r a t u r e  m e a s u r e m e n t s  by W r i g h t  i n  1970 e x t e n d e d  t h i s  
r a n g e  down t o  -1 5 0 ° C .  A l l  o f  t h e s e  t e m p e r a t u r e  d e p e n d e n c e  
m e a s u r e m e n t s  r e s u l t e d  i n  l i n e a r  v a r i a t i o n s  o f  t h e  p r e s s u r e  
s h i f t s  w i t h  t e m p e r a t u r e .
3I t  was c o n c l u d e d  t h a t  f u r t h e r  w ork  n e e d e d  t o  b e  done
t o  ex a m in e  t h e  p r e s s u r e  s h i f t  t e m p e r a t u r e  d e p e n d e n c e s  o f  t h e
a l k a l i e s ,  l e  s u g g e s t e d  m e a s u r i n g  t h e  t e m p e r a t u r e  d e p e n d e n c e  
o f  t h e  p r e s s u r e  s h i f t s  o f  t h e  a l k a l i e s  Na2^ ,  , and  R b ^
i n  H e ,  Ne,  A r ,  an d  N2  b u f f e r  g a s e s .  W ith  t h e s e  m e a s u re m e n t s
t h e  f i r s t  d e f i n i t e  n o n - l i n e a r  d e p e n d e n c e  h a s  b e e n  f o u n d .
The f o l l o w i n g  c h a p t e r s  a r e  a  d e s c r i p t i o n  o f  t h e  
m e th o d s  u sed  t o  m e a s u re  t h e  h y p e r f i n e  p r e s s u r e  s h i f t  
t e m p e r a t u r e  d e p e n d e n c e  and  a p r e s e n t a t i o n  o f  t h e  r e s u l t s  o f  
t h e s e  m e a s u r e m e n t s .  C e r t a i n  t h e o r e t  i c a l  p r e l i m i n a r i e s  a r e  
u s e f u l ,  c o n c e r n i n g  b o t h  t h e  p r e s s u r e  s h i f t s  and t h e  
m e a s u r e m e n t  p r o c e s s ,  and t h e y  a r e  p r e s e n t e d  in C h a p t e r  I I .  
The a p p a r a t u s  u s e d  i n  t h e  e x p e r i m e n t ,  t h e  m e th o d  o f  sample 
p r e p a r a t i o n ,  a n d  t h e  a c t u a l  m easurem ent  t e c h n i q u e  a r e  g i v e n  
i n  C h a p t e r  I I I .  F i n a l l y ,  i n  C h a p t e r  IV, t h e  d a t a  i s  
a n a l y z e d ,  t h e  r e s u l t s  a n d  c o n c l u s i o n s  a r e  p r e s e n t e d  in  
g r a p h i c a l  and  t a b u l a r  fo rm ,  and  f u t u r e  e x p e r i m e n t s  a r e  
s u g g e s t e d .
4CHAPTER I I  
THEORY
I n  t h i s  c h a p t e r  we g i v e  a n  o u t l i n e  o f  t h e  t h e o r y  o f  
a l k a l i  h y p e r f i n e  p r e s s u r e  s h i f t s  and  t h e  t h e o r y  o f  t h e i r  
m e a s u r e m e n t s  by  o p t i c a l  pum ping .  The f i r s t  s e c t i o n s  w i l l  
c o n c e n t r a t e  on t h e  a l k a l i  g r o u n d - s t a t e  e n e r g y  l e v e l s  i n  t h e  
a b s e n c e  o f  a b u f f e r  g a s ,  and w i l l  i n c l u d e  a d e r i v a t i o n  o f  
t h e  h y p e r f i n e  t e r m  i n  t h e  H a m i l t o n i a n  and a d e r i v a t i o n  o f  
t h e  B r e i t - R a b i  f o r m u l a ,  w h ic h  g i v e s  t h e  e n e r g i e s  o f  an  
a l k a l i  a to m  i n  a s m a l l  s t a t i c  m a g n e t i c  f i e l d .  The f o l l o w i n g  
s e c t i o n  w i l l  d e s c r i b e  c a l c u l a t i o n s  o f  h y p e r f i n e  p r e s s u r e  
s h i f t s  and a n  a p p e n d i x  w i l l  i n c l u d e  a d e t a i l e d  a n a l y s i s  o f  a 
c a l c u l a t i o n  f o r  H i n  He b u f f e r  g a s .  The f i n a l  s e c t i o n s  w i l l  
d e a l  w i t h  t h e  s i g n a l s  o b t a i n e d  i n  t h e  o p t i c a l  pumping 
e x p e r i m e n t  w i t h  t h e  pumping l i g h t ,  r e l a x a t i o n  e f f e c t s ,  and 
an  r f  f i e l d .  Most  o f  t h e  t i m e  a n u c l e a r  s p i n  z e r o  s y s t e m  
w i l l  be a s sum ed  i n  o r d e r  t o  s i m p l i f y  t h e  e q u a t i o n s ,  b u t  a 
f i n a l  c a l c u l a t i o n  w i l l  i n v o l v e  a n u c l e a r  s p i n  3 /2  a tom  l i k e  
Na2 3 , K3 9 , o r  Rb8 7 .
A . M a g n e t i c  H y p e r f i n e  Terms
The p r o p e r  d e r i v a t i o n  o f  t h e  m a g n e t i c  h y p e r f i n e  
t e r m s  f o r  a n  s - s t a t e  e l e c t r o n ,  a s s u m i n g  t h e  n u c l e u s  i s  a 
p o i n t  m a g n e t i c  d i p o l e ,  comes f ro m  e x a m i n i n g  t h e  D i r a c  
e q u a t i o n  and s e t t i n g  up a n  a p p r o x i m a t e  e f f e c t i v e  H a m i l t o n i a n . 14
W ith  t h i s  m ethod  t h e  d i p o l e - d i p o l e  and F e r m i  c o n t a c t  
h y p e r f i n e  t e r m s  a r e  s i m p l y  two t e r m s  i n  t h i s  e f f e c t i v e  
H a m i l t o n i a n .
I f  t h e  t i m e - i n d e p e n d e n t  D i r a c  e q u a t i o n  i n  t h e  
p r e s e n c e  o f  e l e c t r o m a g n e t i c  f i e l d s  i s  w r i t t e n  i n  t e r m s  o f  
two tw o -c o m p o n e n t  s p i n o r s  i n v o l v i n g  a l a r g e
com ponen t  and a s m a l l  com ponent  , t h e n  t h e
e q u a t i o n  c a n  be  s e p a r a t e d  i n t o  two e q u a t i o n s
( m c h u X  s  t  i  f f  \  +  ( m c ’ - e ^ )  Y ,
-  c i i f f ,  -  ( m e *  + - e ^ )  \
2w h e re  ER = me +E i s  t h e  t o t a l  r e l a t i v i s t i c  e n e r g y ,
TT = p + ( e / c ) A  i s  t h e  c o n j u g a t e  momentum, m i s  t h e  mass  o f  
t h e  e l e c t r o n ,  6 i s  t h e  P a u l i  s p i n  m a t r i x ,  and $  and A 
a r e  t h e  s c a l a r  and v e c t o r  p o t e n t i a l s  f o r  t h e  f i e l d s .  By 
c o m b i n i n g  t h e s e  e q u a t i o n s ,  a n  e x p r e s s i o n  f o r  'Vi r e s u l t s
6 - t t  -  Y ,  *  E C i )
w i t h  5  * / £  I +  t  E+ / a m C *  3  We
r e c o g n i z e  t h a t  K ( r )  c o n t a i n s  t h e  e n e r g y  E, b u t  we w i l l  show 
l a t e r  t h a t  K ( r )  o n l y  v a r i e s  i n  t h e  n e i g h b o r h o o d  o f  r  —* 0 ,  
a n d  i n  t h i s  r e g i o n  E i s  much l e s s  t h a n  t h e  Coulomb e n e r g y  
. So we c a n  w r i t e  f ro m  e q u a t i o n  ( l )  a n  e f f e c t i v e  
H a m i l t o n i a n
H  =  J _  6 - tt K C r )  6 ' i r  -
w t  a . m
s i n c e  H e « T , =  E t ,  I f  i s  e x p a n d e d  by
s u b s t i t u t i n g  f o r  TT , t h e n
   __ „1 - - __
+  J L -  [ 6  f\KC^ 6  p ♦ 6*p 6 f \ ]  + ----- x 6*l \  KCv) (S-(\ ,
5,WlO 1 MC
The f i r s t  t e r m  c o n t a i n s  t h e  k i n e t i c  and p o t e n t i a l  e n e r g i e s  
o f  t h e  e l e c t r o n  p l u s  t h e  s p i n - o r b i t  c o u p l i n g *  and t h e  s e c o n d  
t e r m
—  T 6  ft  K ( f ) 6 ' P  «- 6 - f  ' < ^ ) 6 ' f t " \
c o n t a i n s  t h e  h y p e r f i n e  i n t e r a c t i o n .
The h y p e r f i n e  t e r m  w i l l  now be  c o n s i d e r e d  i n  d e t a i l .  
By r e c o g n i z i n g  t h a t  K( r )  i s  o n l y  a f u n c t i o n  o f  t h e  r a d i a l  
d i s t a n c e  r  s i n c e  ( r )  i s  t h e  Coulomb p o t e n t i a l ,  and by
n o t i n g  t h a t
p  l< ( v )  =. ( - l A v V ) K C r )  »  p  -  j
t h e  h y p e r f i n e  t e r m  becomes
Now i f  we u se  t h e  i d e n t i t y
7a n d  o b s e r v e
P  *  (  f t  P  )  =•  ( .  p x  p
p  • < f t t )  -  ( . p - f t )  t  +  f t - p  S '  ,
t h e n  we g e t
e
H h e  5 * m c  U ' c P » ‘ f t ) l
-  < A  ^  I, u v -f t  + i. 6 -  C l v x ^  .
The fo rm  f o r  t h e  v e c t o r  p o t e n t i a l  A ( r )  due  t o  t h e  m a g n e t i c
nowd i p o l e  moment o f  t h e  n u c l e u s  / * s ^ i / * * | I  i s  
l hs u b s t i t u t e d  J
— , _  JJL * Y
{ \ ( r )  --
Y
S i n c e  p  -  V * ^^e  e x p r e s s i o n s
v  ■ ( . U t - * * )  1 0  ,
(. r  f  o  )
V  x  (, i  - 1 ,  g  *  ~ s  *  f t  7
l e a d  t o  t h e  fo rm
I t  i s  u s e f u l  t o  e x p r e s s  t h e s e  q u a n t i t i e s  i n  t e r m s  o f  t h e  
e l e c t r o n  o r b i t a l  and s p i n  a n g u l a r  momenta X, and s and t h e
8n u c l e a r  s p i n  I  ( i n  u n i t s  o f  <fi)
V I  : 5 = * / x  M  1 A n  1
w h e re  i s  t h e  n u c l e a r  g - f a c t o r  and i s  t h e  n u c l e a r
m a g n e t o n .  Then  H^yp becomes
M k r f  ■
w h e re  X Vn C i s  t h e  B ohr  m a g n e to n .
The e x p r e s s i o n  f o r  K( r )  h a s  t h e  g e n e r a l  s h a p e  shown 
i n  F i g u r e  1 and c o n s e q u e n t l y  t h e  p r o p e r t i e s
f  0  I ivn v- -* o 
K C t ) -  i
L 1 v-> o
d K  
4  v
w h i c h  y i e l d  t h e  two t e r m s
+  HTl * •'r  1  ^
We h a v e  u se d  t h e  r e l a t i o n  %C^) -  '/nirr*' and we h a v e
w r i t t e n  t h e  m a g n i t u d e  o f  t h e  e l e c t r o n  g - f a c t o r  I g j |  i n  p l a c e  
o f  t h e  c o e f f i c i e n t  2 .  The f i r s t  t e r m  i s  known a s  t h e  
d i p o l e - d i p o l e  i n t e r a c t i o n  t e r m  and c a n  be  w r i t t e n  a s ^
b i * °
9FIG.  1
A p l o t  o f  t h e  f u n c t i o n  K( r )  i n  t h e  h y p e r f i n e  t e r m  










w h i c h  i s  z e r o  f o r  a n  s - s t a t e  (fl, =0) . The s e c o n d  t e r m  i s
17c a l l e d  t h e  F e r m i  c o n t a c t  t e r m  and when a v e r a g e d  o v e r  
a n g l e s  g i v e s  t h e  r e s u l t
^  ( I - S  -  )  <kSL -  I  i  ■ s
T h i s  w i l l  be  t h e  o n l y  h y p e r f i n e  t e r m  p r e s e n t  f o r  s - s t a t e  
e l e c t r o n s ,  s i n c e  a l l  t h e  e l e c t r i c a l  m u l t i p o l e  t e r m s  a l s o  
v a n i s h .  So f o r  s - s t a t e  e l e c t r o n s ,  t h e  h y p e r f i n e  t e r m  i n  
t h e  H a m i l t o n i a n  i s  s i m p l y  t h e  c o n t a c t  t e r m
« F  =  .
F o r  a l k a l i  a t o m s ,  t h e  c o n t a c t  t e r m  f o r  t h e  v a l e n c e  e l e c t r o n  
g i v e s  a l m o s t  t h e  t o t a l  h y p e r f i n e  i n t e r a c t i o n ,  s i n c e  t h e  
p a i r e d  c o r e  e l e c t r o n s  g i v e  no  c o n t r i b u t i o n  ( e x c e p t  f o r  
e x c h a n g e  c o r e  p o l a r i z a t i o n  d e s c r i b e d  i n  S e c t i o n  C) t o  e i t h e r  
t h e  d i p o l e - d i p o l e  t e r m  o r  t h e  c o n t a c t  t e r m .
B . B r e i t - R a b i  F o rm u la
We come now t o  a d i s c u s s i o n  o f  t h e  h y p e r f i n e
e n e r g i e s  o f  a n  a l k a l i  a tom  i n  a s m a l l  s t a t i c  m a g n e t i c  f i e l d  HQ
p o i n t i n g  a l o n g  t h e  z - a x i s .  The e x p r e s s i o n  f o r  t h e s e
19e n e r g i e s  i s  known a s  t h e  B r e i t - R a b i  f o r m u l a .  The t h r e e  
s i g n i f i c a n t  t e r m s  i n  t h e  H a m i l t o n i a n  a r e  t h e  c o n t a c t  t e r m  
*  I -  J (we h a v e  u sed  J  = ^  + ”  i n s t e a d  o f  s and
^  t h e  i n t e r a c t i o n - o f  t h e  
e l e c t r o n  m a g n e t i c  moment w i t h  t h e  m a g n e t i c  f i e l d
(g  = - 2 ) ,  and t h e  i n t e r a c t i o n  o f  t h e  n u c l e a r  m a g n e t i c  moment J
12
w i t h  t h e  m a g n e t i c  f i e l d  “  C’J x / * * !  ) • H 0 ' T h e se  t e r m s  c a n  
be  w r i t t e n
K -  a i - T + k J * -  c l ,  ~ • j ’ +
w h e re  b = and c = « J l / * n W 0 . The n u c l e a r  t e r m  c
i s  much s m a l l e r  t h a n  t h e  e l e c t r o n i c  t e r m  b ( and
i s  s o m e t im e s  i g n o r e d ,  b u t  we w i l l  i n c l u d e  i t  f o r  t h e  s a k e  o f  
c o m p l e t e n e s s .
The t o t a l  a n g u l a r  momentum i s  F = I + J ; and F z i s  a
c o n s t a n t  o f  t h e  m o t i o n ,  d e t e r m i n e d  by n o t i n g  t h a t  F
commutes w i t h  H. T h i s  i m p l i e s  t h a t  i n  t h e  | F  ,  M p  }
. . .  20 r e p r e s e n t a t i o n
< F , M f 1 H  I > =  O W  M p  * tAjs . Cl)
2I t  c a n  a l s o  b e  d e t e r m i n e d  t h a t  F d o e s  n o t  commute w i t h  H, 
so  t h a t  t h e  H a m i l t o n i a n  d o es  c o n n e c t  s t a t e s  o f  d i f f e r e n t  F.
I f  t h e  wave f u n c t i o n  o f  t h e  a tom  i s  w r i t t e n  i n  a s e t  o f
c o m p l e t e  s t a t e s  a s
I 'V > * I
t h e n  f ro m  S c h r o d i n g e r 1s e q u a t i o n  we g e t
H 1  , f . * f  X f . M p m  * E l
Now m u l t i p l y  e q u a t i o n  (3 )  on t h e  l e f t  by < f ' W\ p  | and u se  
e q u a t i o n  ( 2 ) t o  f i n d
! < ( = ' ,  I HI  F, Wf X F , « t  I f )  = £  < ? ' , « *  I t  > . ( 1 )
f
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B ut  t h e  two v a l u e s  o f  F f o r  a n  a l k a l i  a tom  w i t h  n u c l e a r  
s p i n  I  a r e  F+= I + l / 2  and F = 1 - 1 / 2 .  W r i t i n g  i t  i n  m a t r i x  fo rm  
and  s u p p r e s s i n g  t h e  Mp d e p e n d e n c e  ( I F+ > a | }  )>
e q u a t i o n  ( 4 )  becom es
F+ > < F + l H l F - >  \  /  \  / < M Y >
. -  E
<  F .  1 r t  I F +  >  <  F -  1 H  I F -  >  J  y  <  F _  I y  >
and  t h e  e n e r g i e s  a r e  fo u n d  f ro m  t h e  s o l u t i o n  o f  t h e  s e c u l a r  
e q u a t i o n
< f + m I ~  £ < f* i h »f_?
< F - l H l F + > <F- \ H \ F .  > -  £
0  .
T h e s e  t e r m s  n eed  t o  be c o n s i d e r e d  s e p a r a t e l y
< F| HIF ? * a < F l t ‘J»F> + W<F\Fi |F7 “
<FIH|F-J> c. a<Flt-4tF-i> * \&<Fl FjiF-i? - <PlI4lF-i > (S)
< F * H H  I F > = a  < F - l l I - J I F  ? + V > < F - i l F , l F ?  -  C b + O  < F * \ \ I j l F  ^  t
F i r s t  ex a m in e  t h e  I » J  t e r m s
i t  = ^  ( f l - 1 ' -  T )  •
Then < F t X -7 I F > ; ^  FCFvi}- I t l M )  - JCJ + p"J
and < F I X*J I F«l > - <F-i \X*T\F> t. o  .
14
Next the Fz terms give < F | F i \p > z
and < P i Fa I F-i > - <F -  I | Fj, l T > s o .
21The I terms are evaluated in Condon and ShortleyZ-i
<F | I *1 f=M > - < F-l \ Ijl p > a <,F^-fAj)/a< F H l H  F-l >
< F  I I 2 I P  >  2 < P U I U F  >  }
with the reduced matrix elements
l/x
< F  u r n  F - l  >  r
H F a U F - i )  U P  + 0
< F U t l l F >  « L  X U . * 0  -  J U  +  0 +  F C F  + 0  ]  / 1 P C F  + ») %
When t h e s e  v a l u e s  a r e  s u b s t i t u t e d  i n t o  e q u a t i o n  ( 5 ) ,  t h e r e  
r e s u l t s
< F * I H | F + ?  = -  ^  b  +  c )  NVp 2. X /  C ^ l + 0
< f . m  I F . )  : .  bWVp - »Af: / c a i + i )
< F* I H I F.  ?  = < F . I  WIF+ > * l V * U I M )
The e q u a t i o n  f o r  t h e  e n e r g i e s  i s  a q u a d r a t i c
E a  -  [ < P , l H | F t > + < F - | H I F _ > ]  E  
+ IF* ?  < F.1H1 F_ > -  < f t l H I F .  •> < F. I HI F*> "J = 0
15
and  t h e  two s o l u t i o n s  a r e
E t  *  1 i C b i - o * - [ ^
^  t  L t a X ^ O  cc c?C*X*»)* A
w h e re  t h e  + s i g n  r e f e r s  t o  F+ . T h e s e  e n e r g i e s  c a n  a l s o  be 
w r i t t e n  i n  t e r m s  o f  t h e  z e r o - f i e l d  h y p e r f i n e  s p l i t t i n g  EQ 
s i n c e
t o  - E ^ ( H 0 : o )  " E . U * - -  O)
*  L - l  *  | u x * D l  
r  |  o  .
T h i s  s u b s t i t u t i o n  g i v e s
E ,  *  -  « . ♦ - ! • [ i +  *■ ♦  x M y '  ( ( . )
u t x u x + 0  0 i L  U X + O  J '
w i t h  K S (  A*"*1 " Wo /  t o  j and e q u a t i o n  ( 6 ) i s
r e f e r r e d  t o  a s  t h e  B r e i t - R a b i  f o r m u l a .
C . P r e s s u r e  S h i f t s  -  G e n e r a l  D i s c u s s i o n
The h y p e r f i n e  f r e q u e n c y  o f  a n  a to m  i s  s h i f t e d  i n  t h e  
p r e s e n c e  o f  a b u f f e r  g a s .  T h i s  h y p e r f i n e  p r e s s u r e  s h i f t ,  o r  
h y p e r f i n e  d e n s i t y  s h i f t  a s  i t  s h o u ld  be c a l l e d  s i n c e  t h e  
d e n s i t y  o f  t h e  b u f f e r  g a s  a to m s  d e t e r m i n e s  t h e  s h i f t ,  h a s  
b e e n  e x t e n s i v e l y  exam ined  t h e o r e t i c a l l y  d u r i n g  t h e  l a s t  
f i f t e e n  y e a r s .  The m o s t  p r e c i s e  p r e s s u r e  s h i f t  c a l c u l a t i o n s  
h a v e  b e e n  done  f o r  H i n  He,  b u t  r o u g h  c a l c u l a t i o n s  h a v e  a l s o
16
b e e n  made f o r  o t h e r  a to m s  i n c l u d i n g  a l l  t h e  a l k a l i e s  i n  t h e
i n e r t  g a s e s .  A c o m p l e t e  l i s t  o f  b o t h  t h e  t h e o r e t i c a l  and
e x p e r i m e n t a l  w ork  on p r e s s u r e  s h i f t s  i s  g i v e n  i n  A p p e n d i x  I .
The c a l c u l a t i o n s  o f  h y p e r f i n e  p r e s s u r e  s h i f t s  a r e
done  by  c o n s i d e r i n g  t h e  i n t e r a c t i o n  b e t w e e n  one  a l k a l i  a to m
and b u f f e r  g a s  a to m  s e p a r a t e d  by a d i s t a n c e  R, and t h e n
t a k i n g  a s t a t i s t i c a l  a v e r a g e  o v e r  d i f f e r e n t  R. T h e se
c a l c u l a t i o n s  h a v e  p r o c e e d e d  b a s i c a l l y  a l o n g  t h r e e  d i f f e r e n t
l i n e s .  F i r s t ,  t h e r e  i s  t h e  s e m i - e m p i r i c a l  a p p r o a c h  i n  w h ic h
t h e  h y p e r f i n e  e n e r g i e s  a r e  e x p r e s s e d  by p e r t u r b a t i o n  t h e o r y
i n  t e r m s  o f  c e r t a i n  e m p i r i c a l  p a r a m e t e r s :  o s c i l l a t o r
s t r e n g t h s ,  p o l a r i z a b i l i t i e s , i o n i z a t i o n  p o t e n t i a l s ,
f r e e - a t o m  h y p e r f i n e  v a l u e s ,  e t c .  Most o f  t h e  e a r l i e s t
2 2 - 2 ht h e o r i e s  u sed  t h i s  m e th o d ,  and i t  was s t i l l  b e i n g  used
a s  l a t e  a s  1 9 6 9 -2 ^
The s e c o n d ,  and by  f a r  t h e  w i d e s t  u s e d ,  a p p r o a c h  f o r  
p r e s s u r e  s h i f t  c a l c u l a t i o n s  i s  t o  t r e a t  t h e  s h i f t  i n  t e r m s  
o f  d i s t i n c t  s h o r t - r a n g e  and  l o n g - r a n g e  e f f e c t s  w i t h  a c u t o f f  
i n t e r a t o m i c  d i s t a n c e  t o  s e p a r a t e  t h e  two e f f e c t s .  The 
c u t o f f  i s  n e c e s s a r y  b e c a u s e  t h e  l o n g - r a n g e  l / R ^  a s y m p t o t i c  
f o rm  b lo w s  up i f  e x t e n d e d  t o  s m a l l  i n t e r a t o m i c  d i s t a n c e s .
The l o n g - r a n g e  c o n t r i b u t i o n  t o  t h e  s h i f t  i s  c a u s e d  
by  t h e  Van d e r  W aa ls  a t t r a c t i o n  b e t w e e n  t h e  two a to m s  w h ic h  
t e n d s  t o  p u l l  t h e  a l k a l i  v a l e n c e  e l e c t r o n  away f r o m  i t s  
n u c l e u s  and l e a d s  t o  a l e s s e n i n g  o f  t h e  h y p e r f i n e  
i n t e r a c t i o n .  The l o n g - r a n g e  c a l c u l a t i o n s  h a v e  b e e n  done  by 
a v a r i a t i o n - p e r t u r b a t i o n  m e t h o d , ^  by  u se  o f  t h e
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B r u e c k n e r - G o l d s t o n e  many body t h e o r y  i n  w h ic h  t h e
h y p e r f i n e  e n e r g i e s  a r e  c a l c u l a t e d  i n  t e r m s  o f  f r e q u e n c y
d e p e n d e n t  r e s p o n s e  f u n c t i o n s ,  and  w i t h  t h e  s e m i - e m p i r i c a l  
26m ethod  m e n t i o n e d  a b o v e .
The s h o r t - r a n g e  e f f e c t s  a r e  c a u s e d  m o s t l y  by
d i s t o r t i o n s  o f  t h e  v a l e n c e  e l e c t r o n  c l o u d s  due t o  t h e i r
o v e r l a p  w i t h  t h e  c l o s e d - s h e l l  b u f f e r  g a s  wave f u n c t i o n s .
T h e s e  d i s t o r t i o n s  t e n d  t o  p u s h  t h e  e l e c t r o n  to w a rd  t h e
n u c l e u s  and  i n c r e a s e  t h e  h y p e r f i n e  i n t e r a c t i o n .  A w e a k e r
s h o r t - r a n g e  e f f e c t  i s  due t o  p e r t u r b a t i o n s  o f  e x c h a n g e  c o r e
p o l a r i z a t i o n .  I n  t h e  e x c h a n g e  c o r e  p o l a r i z a t i o n  p r o c e s s ,
w i t h  no  b u f f e r  g a s  a to m s  p r e s e n t ,  t h e  u n p a i r e d  v a l e n c e
e l e c t r o n  i n t e r a c t s  t h r o u g h  t h e  e x c h a n g e  f o r c e  a s y m m e t r i c a l l y
w i t h  t h e  p a i r e d  a l k a l i  c o r e  e l e c t r o n s ,  r e s u l t i n g  i n  a n e t
29s p i n  d e n s i t y  a t  t h e  n u c l e u s  due t o  t h e  c o r e  e l e c t r o n s .
The p e r t u r b a t i o n  o f  t h e  v a l e n c e  e l e c t r o n  by  t h e  b u f f e r  g a s
a to m  w i l l  t h e n  p e r t u r b  t h i s  s p i n  d e n s i t y  due t o  t h e  c o r e
e l e c t r o n s ;  and t h i s  c h a n g e  i n  s p i n  d e n s i t y  a t  t h e  n u c l e u s
w i l l  c a u s e  a c h a n g e  i n  t h e  h y p e r f i n e  i n t e r a c t i o n ,  s i n c e
t h e  f r a c t i o n a l  s p i n  d e n s i t y  c h a n g e  i s  e q u a l  t o  t h e
f r a c t i o n a l  h y p e r f i n e  f r e q u e n c y  c h a n g e .  The s h o r t - r a n g e
e f f e c t s  h a v e  b e e n  c a l c u l a t e d  by  e v a l u a t i n g  t h e  s p i n  d e n s i t y
31a t  t h e  n u c l e u s  u s i n g  S c h m id t  o r t h o g o n a l i z e d  o r  s i n g l e
c o n f i g u r a t i o n  s p i n - o p t i m i z e d - s e l f - c o n s i s t e n t - f i e l d  wave 
30f u n c t i o n s .  T h i s  l o n g - r a n g e  and  s h o r t - r a n g e  m ethod  o f
c a l c u l a t i n g  s h i f t s  i s  d e s c r i b e d  i n  d e t a i l  i n  A p p e n d ix  I I ,
31f o l l o w i n g  a H-He c a l c u l a t i o n  by  Ray.
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The f i n a l  m ethod  f o r  c a l c u l a t i n g  p r e s s u r e  s h i f t s  i s  
a u n i f i e d  a p p r o a c h  n o t  i n v o l v i n g  c u t o f f s .  I n  t h i s  a p p r o a c h  
a s i n g l e  wave f u n c t i o n  I'VCR*) > i s  f o u n d  f o r  t h e  a l k a l i  
a t o m - b u f f e r  g a s  a to m  s y s t e m  w i t h  R t h e  d i s t a n c e  b e t w e e n  t h e  
a t o m s .  Then  t h e  f r a c t i o n a l  h f s  s h i f t  due t o  t h e  b u f f e r  g a s  
i s  g i v e n  by
v o < n « ) i u F t ' t ' c«o>  ?
w h ere  i s  t h e  F e r m i  c o n t a c t  t e r m  and d e s c r i b e s
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t h e  two a to m s  a t  i n f i n i t e  s e p a r a t i o n .  C l a r k e  i n  1962  u s e d  
a s  h i s  wave f u n c t i o n  s i m p l y  a n  a n t i s y m m e t r i z e d  p r o d u c t  o f  
h y d r o g e n - l i k e  a t o m i c  o r b i t a l s , and s i n c e  t h a t  t i m e  o t h e r  
c a l c u l a t i o n s  h a v e  b e e n  done  u s i n g  m o l e c u l a r  o r b i t a l s  i n  a 
m u l t i - c o n f i g u r a t i o n  s e l f - c o n s i s t e n t - f i e l d  m e t h o d ^ - ^  and 
u s i n g  a l i m i t e d  num ber  o f  a t o m i c  o r b i t a l  c o n f i g u r a t i o n s  i n  a 
v a l e n c e  bond m e t h o d . ^
D . S p i n - 1 / 2  S y s te m  -  P h e n o m e n o l o g i c a l  E q u a t i o n s
The t h e o r y  o f  t h e  o p t i c a l  pum ping  o f  a l k a l i  a to m s  i s  
q u i t e  c o m p l i c a t e d  and h a s  n o t  y e t  b e e n  a d e q u a t e l y  d e s c r i b e d .  
However.,  some o f  t h e  p r o c e s s e s  i n v o l v e d  a r e  q u i t e  s i m i l a r  t o  
t h o s e  o f  a s p i n - 1 / 2  s y s t e m  ( t o t a l  a n g u l a r  momentum F = I+ J  
w i t h  1=0 and J = l / 2 ) ,  so  i t  i s  w o r t h w h i l e  t o  o u t l i n e  t h e  
e q u a t i o n s  f o r  t h e  o p t i c a l  pum ping  o f  a s p i n - l / 2  s y s t e m .  The 
p r o p e r  e q u a t i o n s  a r e  o b t a i n e d  e i t h e r  f ro m  a d e n s i t y  m a t r i x
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37f o r m a l i s m  o r  f ro m  p h e n o m e n o l o g i c a l  c o n s i d e r a t i o n s  u s i n g  
t h e  B l o c h  e q u a t i o n s .  We w i l l  e m p h a s i z e  t h e  l a t t e r  m e th o d ,  
and  we w i l l  d i s c u s s  s e p a r a t e l y  t h e  t h r e e  p r o c e s s e s  i n v o l v e d :  
t h e  e f f e c t  o f  t h e  pumping l i g h t ,  r e l a x a t i o n  e f f e c t s ,  and t h e  
r f  f i e l d .  We a r e  a i m i n g  f o r  a  d e s c r i p t i o n  o f  t h e  c h a n g e s  i n  
t h e  l i g h t  i n t e n s i t y  t r a n s m i t t e d  t h r o u g h  a s a m p le  b u l b  
c o n t a i n i n g  t h e  s p i n - 1 /2  a t o m s .
C o n s i d e r  f i r s t  t h e  e f f e c t s  o f  t h e  pum ping  l i g h t .
We w i l l  as sum e  t h a t  t h e  r e s o n a n c e  r a d i a t i o n  h a s  b e e n  
f i l t e r e d  so  t h a t  o n l y  t h e  D-  ^ l i n e  ( g r o u n d - s t a t e  S y ^— V f i r s t  
e x c i t e d  s t a t e  P y ^  ) r e m a i n s  and  i t  h a s  b e e n  l e f t  c i r c u l a r l y  
p o l a r i z e d .  The p e r t i n e n t  e n e r g y  l e v e l s  f o r  t h e  s p i n - 1 / 2  
s y s t e m  a r e  i n d i c a t e d  i n  F i g u r e  2 .  I n  t h e  a b s e n c e  o f  
pu m p in g ,  t h e  num ber  o f  a to m s  i n  e a c h  l e v e l  f o l l o w s  t h e  
B o l t z m a n n  d i s t r i b u t i o n
- A e
So N . / N *  = , and t h i s  r a t i o  i s  a b o u t  one
(1+10 f o r  t h e  t e m p e r a t u r e  r a n g e  o f  t h e  e x p e r i m e n t .  I t  i s
c o n v e n i e n t  t o  i n t r o d u c e  n o r m a l i z e d  n u m b ers  o f  a to m s  n-^=N^/N
and n 2 =Ng/N, w h ere  N=N^+Ng. The r a t e s  o f  c h a n g e  o f  t h e s e
38two p o p u l a t i o n s  by  pum ping  c a n  be w r i t t e n
iff1 * b ‘» N  '
w h e re  b .  . i s  t h e  p r o b a b i l i t y  f o r  a n  a to m  t o  go f ro m-J- J
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g r o u n d - s t a t e  i  t o  g r o u n d - s t a t e  j  by  a b s o r p t i o n  f o l l o w e d  by 
s p o n t a n e o u s  e m i s s i o n  o f  r e s o n a n c e  l i g h t .  T h i s  p r o b a b i l i t y  
b .  . i n  t h i s  c a s e  i s  r e a l l y  t h e  p r o d u c t  o f  two p r o b a b i l i t i e s ,  
l )  t h e  p r o b a b i l i t y  o f  a t r a n s i t i o n  t o  t h e  P y ^  l e v e l  by 
a b s o r b i n g  a p h o t o n ,  and 2 ) t h e  p r o b a b i l i t y  o f  a  t r a n s i t i o n  
f r o m  t h e  P y ^  l e v e l  t o  t h e  g r o u n d - s t a t e  j  by  s p o n t a n e o u s  
e m i s s i o n .  S i n c e  t h e  pum ping  l i g h t  i s  l e f t  c i r c u l a r l y  
p o l a r i z e d ,  t h e  p r o b a b i l i t y  o f  a b s o r p t i o n  f ro m  t h e  + 1 /2  l e v e l  
i s  z e r o ,  so b g ^ = 0 .  The p r o b a b i l i t y  o f  a b s o r p t i o n  f ro m  t h e  
- 1 /2  l e v e l  Tp i s  g i v e n  b y ^
r P = ( " i c u ) 6 ( v ) i v
o
w h e re  l ( "U  ) i s  t h e  i n c i d e n t  l i g h t  i n t e n s i t y  p e r  u n i t  
f r e q u e n c y  and i s  t h e  c r o s s  s e c t i o n  f o r  a b s o r p t i o n  o f
a c i r c u l a r l y  p o l a r i z e d  p h o t o n  o f  f r e q u e n c y  1 ) .
The p r o b a b i l i t i e s  f o r  r e t u r n i n g  t o  t h e  g r o u n d - s t a t e
l e v e l s  depend  on t h e  d e g r e e  o f  r e o r i e n t a t i o n  o f  t h e  a n g u l a r
39momentum o r  " m i x i n g "  w h i l e  i n  t h e  e x c i t e d  s t a t e .  Two 
e x t r e m e  c a s e s  a r e  u s u a l l y  c o n s i d e r e d :  c o m p l e t e
r e o r i e n t a t i o n  and no r e o r i e n t a t i o n .  F o r  c o m p l e t e  
r e o r i e n t a t i o n  t h e  p r o b a b i l i t i e s  f o r  r e t u r n i n g  t o  t h e  two 
g r o u n d - s t a t e  l e v e l s  a r e  e q u a l  and a r e  e q u a l  t o  1 / 2 .  F o r  no 
r e o r i e n t a t i o n  t h e  p r o b a b i l i t i e s  a r e  2 / 3 (Py^ (Mg= + 1 / 2 ) — > 
s yl (Ms =- 1 / 2 ) )  and l / 3 ( P y ^ ( M g = + l / 2 ) S y x ( M g = + l / 2 ) ) ,  and a r e  
fo u n d  by  c a l c u l a t i n g  t h e  p r o b a b i l i t i e s  f o r  s p o n t a n e o u s  
e m i s s i o n  t o  e a c h  f i n a l  s t a t e .  We w i l l  a s su m e  f o r  t h e  r e s t  
o f  t h e  s e c t i o n  t h a t  t h e r e  i s  c o m p l e t e  m i x i n g .  Then
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b , p = ( l / 2 ) Tp j and  t h e  r a t e  e q u a t i o n s  become
a+
The s o l u t i o n s  a r e
-  -  -  P  vi
5 +  a  p  i
j + a  ' p  i i
-  * / t p
i  ^
-  i -  ^  ^  /tf>
w h e re  t h e  pumping  t i m e  Tp i s  d e f i n e d  a s
i  -  l  r
Tp -  *  *P *
W i t h o u t  an y  r e l a x a t i o n ,  t h e  e n t i r e  e n s e m b le  o f  a to m s  w i l l  be
pumped i n t o  t h e  + 1 /2  l e v e l
n , t < *0  s o  and Y\^ (  ° ° )  a  I .
I f  we had  i n c l u d e d  t h e  Dg l i n e  ( g r o u n d - s t a t e  S y — ^
f i r s t  e x c i t e d  s t a t e  P * / ^ )  i n  o u r  c a l c u l a t i o n ,  we w ould  f i n d
t h a t  t h i s  l i g h t  t e n d s  t o  p o p u l a t e  t h e  - 1 /2  l e v e l ;  u n l e s s  one 
o f  t h e  l i n e s  i s  f i l t e r e d  t h e r e  w i l l  b e  o n l y  a  s m a l l  
p o p u l a t i o n  d i f f e r e n c e  b e t w e e n  t h e  two g r o u n d - s t a t e  l e v e l s .
Now c o n s i d e r  o n l y  t h e  r e l a x a t i o n  e f f e c t s ,  w h ic h  c a n  
r e s u l t  f ro m  a p o l a r i z e d  a to m  c o l l i d i n g  w i t h  a n o t h e r  a l k a l i
o r  i m p u r i t y  a to m  o r  w i t h  t h e  s a m p le  c e l l  w a l l .  The r a t e s  o f
c h a n g e  o f  t h e  two p o p u l a t i o n s  due t o  r e l a x a t i o n  a r e
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w r i t t e n
' j ; '  :  w * i  -  w , *  vi
4 j 5 a  ~
«A+
w »a -  W * ,  y\ 2
w h ere  w. . i s  t h e  p r o b a b i l i t y  f o r  a n  a tom  t o  go f ro m
J
g r o u n d - s t a t e  i  t o  g r o u n d - s t a t e  j  by  r e l a x a t i o n .  The 
s i m p l e s t  a s s u m p t i o n  t o  make i s  t h a t  b o t h  p r o b a b i l i t i e s  a r e  
e q u a l  w-^g^Wg^^w. A l s o  we e x p r e s s  t h e  r e l a x a t i o n  
p r o b a b i l i t i e s  i n  t e r m s  o f  a l o n g i t u d i n a l  r e l a x a t i o n  t i m e  
T-l b y 38
W  -- (  i )  y ,  .
Then  t h e  r a t e  e q u a t i o n s  become
«*3 » -  .  i  (  «  .  i  \
- *  -- - ?  ( k )dt+ T t X * *  '
w i t h  t h e  p a r t i c u l a r  s o l u t i o n s
n . U )  -- ^ ( i  -  « - ' + / T l )  
n , ( V )  * l  ( , ♦  e , ' V /T ' )  .
So i f  a t  t = 0  a l l  t h e  a to m s  h a v e  b e e n  pumped i n t o  t h e  + 1 / 2  
l e v e l ,  t h e n  by r e l a x a t i o n  t h e  + 1 /2  l e v e l  w i l l  d e c a y  and  t h e  
- 1 /2  l e v e l  w i l l  b u i l d  u n t i l  t h e  p o p u l a t i o n s  o f  t h e  two 
l e v e l s  a r e  e q u a l .
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N e x t  we com bine  t h e  r a t e  e q u a t i o n s  f o r  t h e  pum ping  
l i g h t  and r e l a x a t i o n  m ech an ism s
i i t  1 'N-  , - An ,  - 7 | < . n , - 0
^  ( n  -  I  \
AV TP  1 T , s n x  x j  •
I t  i s  c o n v e n i e n t  t o  d e s c r i b e  t h e  s y s t e m  o f  a to m s  i n  
t e r m s  o f  t h e  a v e r a g e  v a l u e  o f  t h e  s p i n ,  g i v e n  by
< S * >  -- *  ( - i ) n ,  j
t h e n  t h e  r a t e  e q u a t i o n  f o r  becom es
:  T , ) < S l >  • < 7 )
The e q u i l i b r i u m  v a l u e  o f  u n d e r  t h e  i n f l u e n c e  o f
p um ping  and r e l a x a t i o n  i s  f o u n d  by s e t t i n g  = 0
i
* T P
< S E V  =   . ( « )
i. + i,
Tp T,
F i n a l l y  we a r e  i n  a p o s i t i o n  t o  i n c l u d e  t h e  e f f e c t s  
o f  t h e  r f  f i e l d .  I t  i s  u s e f u l  t o  c o n s i d e r  t h e  m o t i o n  o f  t h e  
a n g u l a r  momentum S i n  a c l a s s i c a l  way,  s i n c e  t h e  e q u a t i o n  o f  
m o t i o n  f o r  <S> i s  t h e  same a s  t h e  c l a s s i c a l  e q u a t i o n  f o r  S. 
Assume t h a t  t h e  t o t a l  m a g n e t i c  f i e l d  c o n s i s t s  o f  a c o n s t a n t  
f i e l d  Ho a l o n g  t h e  z - a x i s  and a n  a l t e r n a t i n g  f i e l d  2H-LCOsmt 
a l o n g  t h e  x - a x i s .  The a l t e r n a t i n g  f i e l d  c a n  be w r i t t e n  a s
3. W, c « S  u>+ = W, ( a Kc o 4  + u^%in )
+■ H ,  C u . K c . o s  w - V  -  u ^  s i n  u >  V  )
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c o n s i s t i n g  o f  one  com ponen t  r o t a t i n g  w i t h  a n g u l a r  v e l o c i t y  u»
4-0and  a n o t h e r  w i t h  - u > . I t  c a n  be  shown t h a t  n e a r  r e s o n a n c e  
t h e  c o u n t e r - r o t a t i n g  com ponen t  c a n  b e  e f f e c t i v e l y  i g n o r e d  
s i n c e  i t s  t o r q u e  c o n s t a n t l y  c h a n g e s  d i r e c t i o n  w i t h  r e s p e c t  
t o  t h e  s p i n  a n g u l a r  momentum. The s i g n i f i c a n t  m a g n e t i c  
f i e l d  becom es
H  * W o u !  **“ CCLx c o s w V  +■ u ^ s l n v o - l r )  .
The e q u a t i o n  o f  m o t i o n  f o r  S comes f ro m  e q u a t i n g  t h e  t o r q u e  
w i t h  t h e  d e r i v a t i v e  o f  t h e  a n g u l a r  momentum
■jr . • * * s « ii .
T h i s  e q u a t i o n  c a n  be  s o l v e d  by  t r a n s f o r m i n g  i t  t o  a 
f r a m e  r o t a t i n g  w i t h  a n g u l a r  v e l o c i t y  Uj a b o u t  t h e  z - a x i s .
The new c o o r d i n a t e s  c a n  be  e x p r e s s e d  i n  t e r m s  o f  t h e  l a b  
c o o r d i n a t e s  by
U j  = 4.
* T ^
* — i V v »u . . . /  * -  u l x s i n  ^  * ^ 1*
A A
3 ^ 4  •
J L S  J L % '  -  - ,
So we f i n d  i n  t e r m s  o f  t h e  r o t a t i n g
c o o r d i n a t e s ,  and t h e  e q u a t i o n  o f  m o t i o n  i n  t h e  r o t a t i n g  
f r a m e  i s
3 J  -  f r M  •
Now i f  we d e f i n e  UJo 5 “ ^ » / 4®W0 and va), a -  W \ > t h e n  t h e
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c o m ponen t  e q u a t i o n s  f o r  S become
~  = -  w , S t  -
a v s a  s
So t h e  e f f e c t s  o f  t h e  r f  f i e l d  c a n  be  e x p r e s s e d  a s
i  < S * ' >  -  C « “  >
= - < * > , < * * >  ~ c w - u i 0 )  < s X' >  ^
< S * ? = ^  j  ^ ^  ^  ^ ,
F o r  t h e  f i n a l  d e s c r i p t i o n  o f  t h e  system.,  two more 
r e l a x a t i o n  e f f e c t s  m u s t  be  i n c l u d e d .  T h e s e  a r e  b o t h  
t r a n s v e r s e  r e l a x a t i o n s ;  t h e  f i r s t  t e r m  i n c l u d e s  o n l y  
r e l a x a t i o n  due t o  t h e  pumping l i g h t  w i t h  r e l a x a t i o n  t i m e  
and t h e  s eco n d  t e r m  i n c l u d e s  a l l  o t h e r  r e l a x a t i o n  m ech an ism s  
w i t h  r e l a x a t i o n  t i m e  T g -  T h e se  two e f f e c t s  g i v e  t h e  
e q u a t i o n s
< V t , ) < s v ?  •
The f i n a l  e q u a t i o n s  o f  m o t i o n  come f ro m  c o m b i n i n g  
e q u a t i o n s  ( 7 ) ,  { 9 ) >  and ( 1 0 )
* ( w - u i 0 ) < s ^ ?  -  ( . ? , ♦  O  < * * ' >
£ < * * >  = >*», < * v > +  •
2 8
The e q u i l i b r i u m  v a l u e  o f  < S a > r e s u l t s  f ro m  s e t t i n g  a l l  
t h r e e  d e r i v a t i v e s  e q u a l  t o  z e r o ^
w h e re  -j- = ^  and L  + ^  1 0 -2 0  m sec )
I t  i s  now t i m e  t o  ex am in e  t h e  c h a n g e s  i n  t h e  l i g h t
i n t e n s i t y  t r a n s m i t t e d  t h r o u g h  a  sa m p le  c e l l .  The c h a n g e  i n
t h e  i n t e n s i t y  o f  c i r c u l a r l y  p o l a r i z e d  l i g h t  a s  i t  t r a v e r s e s
t h e  b u l b  c o n t a i n i n g  p  a to m s  p e r  u n i t  vo lum e f o l l o w s  t h e
i+3
L a m b e r t - B e e r  law
j - j H V . i )  = - i < v , i )  6 t v )  <.nl(o)
w h e re  6 CT?) i s  t h e  c r o s s  s e c t i o n  f o r  t h e  a b s o r p t i o n  o f
l i g h t  o f  f r e q u e n c y  "U and ( ^ p )  i s  t h e  d e n s i t y  o f  a tom s
w h ic h  c a n  a b s o r b  t h e  l e f t  c i r c u l a r l y  p o l a r i z e d  l i g h t .  T h i s
e q u a t i o n  i s  i n t e g r a t e d  o v e r  t h e  t h i c k n e s s  o f  t h e  c e l l  and
o v e r  a l l  f r e q u e n c i e s ,  u s i n g  t h e  r e l a t i o n  n  = 1 /2  -  •
4 lThe r e s u l t  f o r  low a b s o r p t i o n  i s
X C L )  * C V j O ) [  I -  L f  6 C V )  -  < $ * > )  1 .
I n  t h e  p r e s e n t  e x p e r i m e n t ,  t h e  r f  i s  ch opped  a t  15 Hz i n  
o r d e r  t o  u s e  l o c k - i n  t e c h n i q u e s ,  so t h e  s i g n a l  we s e e  i s
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From e q u a t i o n s  ( 8 ) and (1 1 )  we g e t
% I  -  -  p  L  _____
* T p*  n *  +  ^ua - u ) 0y
T h i s  s i g n a l  i s  a L o r e n t z i a n  w i t h  mean f r e q u e n c y  C u 0  and  
h a l f  w i d t h  a t  h a l f  maximum
r / a  ■ ~  (. \ +  . i 3
E . S p i n - 3 / 2  S y s te m  -  (M-0<-»M-0) T r a n s i t i o n s
The i d e a s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  w i l l  now 
b e  a p p l i e d  t o  a n  a to m  w i t h  n u c l e a r  s p i n  1 =3 /2  l i k e  Ka2 ^ ,
OQ Ory
K , o r  Rb . We w i l l  show t h a t  u n d e r  t h e  a s s u m p t i o n s  o f  
pum ping  w i t h  D-  ^ l i g h t  o n l y ,  pum ping  w i t h  e q u a l  h y p e r f i n e  
c o m p o n e n t s ,  and c o m p l e t e  r e o r i e n t a t i o n  i n  t h e  e x c i t e d  s t a t e ,  
t h e r e  i s  no  p o p u l a t i o n  d i f f e r e n c e  b e t w e e n  t h e  (F=2,MF =0) 
l e v e l  and t h e  (F = l ,M p=0)  l e v e l ,  and c o n s e q u e n t l y  t h e  
(F=2,Mp = 0 ) ^ >  (F = l ,M p=0)  t r a n s i t i o n  c a n n o t  b e  o b s e r v e d .  T h i s  
means  t h a t  we w ere  f o r c e d  t o  o b s e r v e  f i e l d - d e p e n d e n t  
t r a n s i t i o n s ,  a s  we w i l l  s e e  i n  C h a p t e r  I I I .
A d i a g r a m  o f  t h e  p e r t i n e n t  e n e r g y  l e v e l s  i s  g i v e n  i n  
F i g u r e  3 ,  and t h e  o n l y  e x p l i c i t  a b s o r p t i o n  p r o b a b i l i t i e s  
t h a t  n e e d  t o  be  c a l c u l a t e d ^  a r e  a l s o  l i s t e d  i n  t h e  f i g u r e .  
The p r o b a b i l i t y  f o r  a b s o r p t i o n  by  l e f t  c i r c u l a r l y  p o l a r i z e d  
l i g h t  o u t  o f  t h e  F,Mp l e v e l  i s  w r i t t e n  a F ^  . So by  u s i n g
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FIG. 3
E n e r g y  l e v e l s  f o r  a s p i n - 3 / 2  s y s t e m .  The f r a c t i o n s  
a r e  p r o p o r t i o n a l  t o  t h e  a b s o r p t i o n  p r o b a b i l i t i e s .
1 4 4
1 4 4
t h e  p r o b a b i l i t i e s  l i s t e d  i n  F i g u r e  3> we h a v e
^ I j O  ” ^  C HH +  Tw )  " ^
w h e re  A i s  a p r o p o r t i o n a l i t y  c o n s t a n t  i n v o l v i n g  t h e  
i n t e n s i t y  o f  t h e  r e s o n a n c e  l i g h t .
The r a t e  e q u a t i o n s  f o r  t h e  r e l a t i v e  p o p u l a t i o n s  
nFMp ^wo l e v e l s  c a n  now b e  w r i t t e n
A n
dLV
+ + * 6 WlO * J 9 ' / ' !
eL+
+ £ * £*.,-« n , . ,  + | 6 n to +
t h e  f a c t o r  1 /8  comes f ro m  t h e  e i g h t  g r o u n d - s t a t e  l e v e l s  
p r e s e n t  and f ro m  o u r  a s s u m p t i o n  o f  c o m p l e t e  r e o r i e n t a t i o n ,  
The d i f f e r e n c e  i n  t h e  p o p u l a t i o n s  becom es
A xf+CviM- n,.') - - a <.«»«-n lo)
so  t h a t  any  i n i t i a l  p o p u l a t i o n  d i f f e r e n c e  w i l l  d e c a y  w i t h  
t i m e ;  i t  i s  a p p a r e n t  t h a t  a t  e q u i l i b r i u m  t h e  two l e v e l s  
w i l l  h a v e  e q u a l  p o p u l a t i o n s .
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CHAPTER I I I  
EXPERIMENT
The t h e o r y  o f  o p t i c a l  pum ping  h a s  b e e n  o u t l i n e d  i n  
C h a p t e r  I I .  A l k a l i  r e s o n a n c e  r a d i a t i o n  w h ic h  h a s  b e e n  
f i l t e r e d  t o  s e l e c t  t h e  l i n e  and h a s  b e e n  c i r c u l a r l y  
p o l a r i z e d  p a s s e s  t h r o u g h  a n  o p t i c a l  pumping c e l l  c o n t a i n i n g  
t h e  a l k a l i  v a p o r  and  a b u f f e r  g a s .  The a l k a l i  a to m s  i n  t h e  
c e l l  a r e  p o l a r i z e d  i n  a weak m a g n e t i c  f i e l d  t h r o u g h  t h e  
a b s o r p t i o n  o f  t h e  c i r c u l a r l y  p o l a r i z e d  r e s o n a n c e  r a d i a t i o n .  
When an  r f  f i e l d  i s  a p p l i e d  a t  t h e  h f s  r e s o n a n c e  f r e q u e n c y ,  
t h e  a l k a l i  a to m s  become d e p o l a r i z e d ;  t h i s  r e s u l t s  i n  a 
d e c r e a s e  i n  t h e  i n t e n s i t y  o f  t h e  pumping  l i g h t  t r a n s m i t t e d  
by t h e  c e l l .
A p r o p e r  d e s c r i p t i o n  o f  t h e  e x p e r i m e n t  i n v o l v e s  
t h r e e  p a r t s :  t h e  a p p a r a t u s  u s e d ,  t h e  p r e p a r a t i o n  o f  t h e
s a m p l e s ,  and t h e  m e a s u re m e n t  p r o c e d u r e .  Each  o f  t h e s e  t h r e e  
e l e m e n t s  w i l l  b e  d i s c u s s e d  i n  d e t a i l .
A . A p p a r a t u s
Much o f  t h e  e q u ip m e n t  u s e d  was s i m i l a r  t o  p r e v i o u s  
]_q liS 46w o rk .  J  ’ B l o c k  d i a g r a m s  o f  t h e  a p p a r a t u s  a r e  shown i n
F i g u r e s  4 and 5* The e q u i p m e n t  c a n  c o n v e n i e n t l y  be  d i v i d e d  
i n t o  s e v e r a l  s e c t i o n s  w h ic h  w i l l  be  d e s c r i b e d  s e p a r a t e l y .  
They a r e  t h e  r e s o n a n c e  l a m p s ,  t h e  o p t i c s ,  s i g n a l  d e t e c t i o n ,  
t h e  m a g n e t i c  f i e l d ,  f r e q u e n c y  g e n e r a t i o n ,  and t e m p e r a t u r e  
c o n t r o l .
PIG. 4
A b l o c k  d i a g r a m  o f  t h e  o p t i c a l  pum ping  a p p a r a t u s .
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FIG. 5
A b l o c k  d i a g r a m  o f  t h e  o v e n .
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1.  R e s o n a n c e  Lamps
T h e r e  w e re  t h r e e  l i g h t  s o u r c e s  u sed  f o r  o b t a i n i n g  
a l k a l i  r e s o n a n c e  r a d i a t i o n *  b u t  t h e  s o u r c e s  f o r  K and Rb 
w e re  i d e n t i c a l  e x c e p t  f o r  t h e  l i g h t  b u l b .
The K and  Rb l i g h t  b u l b s  w ere  25 cm^ p y r e x  f l a s k s *  
e a c h  w i t h  a 6 mm o . d .  1 i n .  l o n g  s t e m  c o n t a i n i n g  t h e  a l k a l i  
m e t a l .  The b u l b s  a l s o  c o n t a i n e d  2 - 3  T o r r  o f  A r .  The b u l b  
t i p  was p l a c e d  i n  a h o l d e r  s u r r o u n d e d  by a few t u r n s  o f  
h e a t e r  w i r e ,  and  by a d j u s t i n g  t h e  h e a t e r  c u r r e n t ,  t h e  
d e n s i t y  o f  a l k a l i  v a p o r  i n  t h e  l i g h t  b u l b  was c o n t r o l l e d .
T h e s e  b u l b s  w ere  d r i v e n  by a n  e l e c t r o d e l e s s  r f
d i s c h a r g e *  u s i n g  a s i m p l e  50 MHz c r y s t a l - c o n t r o l l e d  
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o s c i l l a t o r  d e r i v e d  f ro m  a n  8 . 5 0 5  MHz c r y s t a l .  The b u l b  
was s u r r o u n d e d  by t h e  t a n k  c o i l  o f  t h e  o s c i l l a t o r ,  and t h i s  
c o i l  was 2 t u r n s  o f  1 /8  i n .  o . d .  c o p p e r  t u b i n g  b e n t  t o  
2 - 1 / A  i n .  d i a m e t e r .  A v a r i a b l e  c a p a c i t o r  was u sed  t o  t u n e  
t h e  t a n k  c i r c u i t .  The b e s t  pumping l i g h t  came f ro m  power  
t u b e  c h a r a c t e r i s t i c s  o f  425 V and 100 mA u s i n g  a Lambda 
Model  50 r e g u l a t e d  dc power  s u p p l y .
UQ
I t  was known f ro m  p r e v i o u s  e x p e r i m e n t s  t h a t  
c o n t i n u e d  o p e r a t i o n  o f  a Rb b u l b  t e n d e d  t o  t u r n  t h e  g l a s s  
d a r k  b ro w n ,  b u t  t h a t  t h e  l i g h t  o u t p u t  ( i n  t h e  i n f r a r e d )  d id  
n o t  d e c r e a s e .  F o r  K a l i g h t  b u l b  made f ro m  Code 7 2 8 0  
a l k a l i - r e s i s t a n t  g l a s s  was used  w h ic h  d i d  n o t  t u r n  brown a t  
a l l  d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t .
O p t i c a l  pumping  w i t h  Na was d i f f e r e n t .  I t  h a s  b e e n  
m e n t i o n e d  p r e v i o u s l y  t h a t  e f f i c i e n t  pumping c an  o c c u r  o n l y
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i f  t h e r e  i s  a m arked  d i f f e r e n c e  i n  t h e  i n t e n s i t i e s  o f  t h e  
two D l i n e s  com ing  f ro m  t h e  r e s o n a n c e  lamp.  I n  Na,  t h e  two 
l i n e s  a r e  t o o  c l o s e  t o g e t h e r  t o  be  s e p a r a t e d  by a n  o p t i c a l  
f i l t e r .  D2 t r a n s m i s s i o n  c a n  be d e c r e a s e d ,  h o w e v e r ,  by 
s e l f - r e v e r s i n g  a n  o r d i n a r y  Na l a m p ; ^ ^  t h e  D2 l i n e  h a s  
g r e a t e r  a b s o r p t i o n  t h a n  t h e  l i n e  i n  t h e  c o o l e r  p o r t i o n  o f  
t h e  b u l b  b e c a u s e  t h i s  l i n e  i n v o l v e s  a g r e a t e r  number  o f  
p o s s i b l e  t r a n s i t i o n s .
The lamp u se d  was a G e n e r a l  E l e c t r i c  N a-1  l i g h t  b u l b
and  was s u r r o u n d e d  by  a n  ov en  w i t h  a c o n i c a l  h e a t e r .  The
c o n s t r u c t i o n  o f  t h i s  oven  h a s  b e e n  d e s c r i b e d  i n  d e t a i l  by 
48D a v i s .  The h e a t e r  v o l t a g e  was a d j u s t e d  t o  g i v e  t h e  
maximum pumping  s i g n a l ,  and t h i s  v a l u e  o f  t h e  v o l t a g e  was 
u sed  f o r  t h e  e n t i r e  e x p e r i m e n t .  The Na l i g h t  b u l b  was 
p ow ered  by a c u r r e n t - r e g u l a t e d  dc s u p p l y .
2 .  O p t i c s
The r e s o n a n c e  lamps  w ere  p l a c e d  c l o s e  t o  t h e  f o c a l  
p o i n t  o f  a 4 i n .  d i a m e t e r  co n v e x  l e n s  so  t h a t  t h e  r e s o n a n c e  
l i g h t  l e a v i n g  t h e  l e n s  was n e a r l y  p a r a l l e l .  A f t e r  p a s s i n g  
t h r o u g h  t h e  l e n s ,  t h e  K and Rb l i g h t  was f i l t e r e d  t o  remove 
t h e  D2 com ponen t  o f  t h e  l i g h t .  The D]_ and D2 w a v e l e n g t h s  
a r e  7 ^ 9 9  4  and  7 8 6 5  A f o r  K and 7 9^8  A and 7 8 OO A f o r  R b , ^  
so  i n t e r f e r e n c e  f i l t e r s  w ere  u s e d .  The l i g h t  was t h e n  
c i r c u l a r l y  p o l a r i z e d  by  p a s s i n g  t h r o u g h  a l i n e a r  p o l a r i z e r  
and  a q u a r t e r  wave p l a t e .  F i n a l l y ,  t h e  p a r a l l e l  l i g h t  
p a s s e d  t h r o u g h  t h e  s a m p l e ,  and was f o c u s e d  by a n o t h e r  co n v ex  
l e n s  o n t o  a p h o t o t u b e .
4o
3- S i g n a l  D e t e c t i o n
46 61Two t y p e s  o f  p h o t o t u b e  h a v e  p r e v i o u s l y  b e e n  used
f o r  m e a s u r e m e n t s  w i t h  Na and  Rb r e s o n a n c e  l i g h t .  F o r  Na a
o
t y p e  929 vacuum p h o t o d i o d e  w h ic h  p e a k s  a t  4000  A was 
a c c e p t a b l e ,  and f o r  K and Rb a t y p e  6953 g a s  p h o t o d i o d e  was
O cp
u s e d  w h ic h  p e a k s  a t  8000  A . D Each  t u b e  was powered  by a 
6 7 - 1 / 2  V b a t t e r y .  The dc p h o t o c u r r e n t  f ro m  t h e  l i g h t  
t r a n s m i t t e d  t h r o u g h  t h e  s a m p le  was m o n i t o r e d  by an  R. C. A.  
WV-84C M ic r o a m m e te r .  The ac  p h o t o c u r r e n t ,  c a u s e d  by 
m o d u l a t i o n s  i n  t h e  t r a n s m i t t e d  l i g h t ,  was d e t e c t e d  by 
a m p l i f y i n g  t h e  ac  v o l t a g e  d e v e l o p e d  a c r o s s  a 1 MJL r e s i s t o r .  
A m p l i f i c a t i o n  o c c u r r e d  i n  a T e k t r o n i x  122 Preamp s e t  a t  a
v o l t a g e  g a i n  o f  100.  The p h o t o d e t e c t o r  c i r c u i t  h a s  p r e v i o u s l y
48 ^b e e n  u sed  and i s  r e p r o d u c e d  i n  F i g u r e  6 .
From t h e  p r e a m p ,  t h e  s i g n a l  was f e d  by s h i e l d e d  co ax
t o  a P . A. R.  M odel  HR-8 L o c k - I n  A m p l i f i e r .  The s i g n a l s  t o
t h e  L o c k - I n  had  a m p l i t u d e s  o f  1 t o  100 mV r m s , and t h e  ac
v o l t a g e  was c o n v e r t e d  by t h e  L o c k - I n  t o  a dc v o l t a g e  whose
a m p l i t u d e  was d i s p l a y e d  on a m e t e r .  When t h e  p h a s e  o f  t h e
ac  s i g n a l  f r o m  t h e  p h o t o t u b e  was m a tc h e d  t o  a 15 Hz L o c k - I n
r e f e r e n c e  f r e q u e n c y  w h ic h  ch o p p ed  t h e  r f ,  t h e  s i g n a l - t o - n o i s e
r a t i o  o f  t h e  s i g n a l  was i n c r e a s e d  b y  e l i m i n a t i n g  s p u r i o u s
n o i s e .  T h i s  i s  t h e  b a s i c  p r i n c i p l e  o f  a n y  p h a s e - s e n s i t i v e
d e t e c t o r .
4 .  M a g n e t i c  F i e l d
A s t a t i c  m a g n e t i c  f i e l d  HQ i s  n e e d e d  p a r a l l e l  t o  t h e  
d i r e c t i o n  o f  t h e  l i g h t  beam. A H e l m h o l t z  c o i l  was u sed
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w h i c h  c o n s i s t e d  o f  10  t u r n s  o f  w i r e  w i t h  a r a d i u s  o f  21  cm.
The dc c u r r e n t ,  f r o m  a r e g u l a t e d  pow er  s u p p l y ,  was s e t
b e t w e e n  5 and 25 mA. The m a g n e t i c  f i e l d  i n  a H e l m h o l t z  c o i l  
53i s  g i v e n  b y ^
< < ■ )
lo* 5 ^  a
w h ere  I  i s  t h e  c u r r e n t  ( A ) ,  N i s  t h e  num ber  o f  t u r n s ,  and  a 
i s  t h e  r a d i u s  (cm ).  So f ro m  t h i s  e q u a t i o n  t h e  f i e l d  was
H 0 - o.H ±0 1 .1 vnG .
The e n t i r e  o v en  and  H e l m h o l t z  c o i l  s y s t e m  was 
s u r r o u n d e d  by  two h i g h  p e r m e a b i l i t y  c o n c e n t r i c  c y l i n d r i c a l  
s h i e l d s  w h ic h  i s o l a t e d  t h e  s a m p le  f ro m  t h e  e a r t h ' s  f i e l d  and 
f ro m  s t r a y  f i e l d s  i n  t h e  l a b o r a t o r y . - ^  The s h i e l d s  w e re  
made o f  A l l e g h e n y  Ludlum m o l y - p e r m a l l o y ; t h e  o u t e r  s h i e l d  
was 4 1 - 7 / 8  i n .  l o n g  and 1 8 - 1 /2  i n .  i n  d i a m e t e r  and  t h e  i n n e r  
s h i e l d  was 3 9 - 7 / 8  i n .  l o n g  and 1 6 - 1 / 2  i n .  i n  d i a m e t e r .  End 
p l a t e s  w ere  f i t t e d  o v e r  t h e  o u t e r  s h i e l d  w i t h  4 - 1 / 2  i n .  
h o l e s  c u t  i n  t h e  c e n t e r  i n  o r d e r  t o  a d m i t  t h e  l i g h t  and t h e  
a s s o r t e d  t u b e s  and w i r e s .  D e m a g n e t i z i n g  c o i l s  w e re  
p o s i t i o n e d  i n  a m a n n e r  s i m i l a r  t o  t h e  e x p e r i m e n t  d e s c r i b e d  
by  W r i g h t .
5- F r e q u e n c y  G e n e r a t i o n
The c i r c u i t s  f o r  g e n e r a t i n g  t h e  r f  f r e q u e n c i e s  o f  
1 . 7  GHz f o r  Na and 3 - 0  GHz f o r  Rb w e re  b a s i c a l l y  t h e  same.
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A b lock ,  d i a g r a m  o f  t h e  c i r c u i t  i s  g i v e n  i n  F i g u r e  J .  The 
s i g n a l  g e n e r a t o r s  w e re  P .R .D .  L712-B and S712-B  s i g n a l  
s o u r c e s  c o n n e c t e d  t o  a M icrow ave  S y s te m s  MOS-1 f r e q u e n c y  
s t a b i l i z e r .  The s i g n a l  was ch o p p ed  a t  15 Hz w i t h  a 
G e n e r a l  M icrow ave  Ml86A P i n  A t t e n u a t o r  and Model  312 H igh  
Speed  D r i v e r .  F o r  a t t e n u a t i o n ,  a n o t h e r  Ml86A A t t e n u a t o r  
and  Model  311 Log D r i v e r  w ere  u s e d .  The c h o p p e r  was 
i s o l a t e d  f ro m  t h e  s i g n a l  g e n e r a t o r s  by  P .R .D .  1214 and 1215 
I s o l a t o r s .  A l l  c o n n e c t i o n s  w ere  made w i t h  1 / 4  i n .  o . d .  
s e m i - r i g i d  c o a x ,  and d i r e c t i o n a l  c o u p l e r s  w e re  p l a c e d  w h e re  
n e e d e d .  A W e i n s c h e l  DS109 T u n e r  was u sed  t o  m a x im iz e  t h e  r f  
pow er  g o i n g  i n t o  t h e  o v e n .  A p i c k - u p  c o i l ,  i l l u s t r a t e d  i n  
F i g u r e  4 ,  s u r r o u n d e d  t h e  s am p le  and  f e d  t h e  r f  pow er  t o  t h e  
s a m p l e .
The r f  f r e q u e n c y  was m o n i t o r e d  by a H e w l e t t  P a c k a r d  
5245L f r e q u e n c y  c o u n t e r  w i t h  5254A and 5255A P l u g - I n  u n i t s  
f o r  1 . 7  GHz and 3 - 0  GHz. The a c c u r a c y  o f  t h e  f r e q u e n c y  
c o u n t e r  was d e t e r m i n e d  by  c o m p a r i n g  t h e  p h a s e  o f  a 100 kHz 
s i g n a l  f ro m  t h e  c o u n t e r  w i t h  a 60  kHz s t a n d a r d  f ro m  WWVB 
u s i n g  a  H e w l e t t  P a c k a r d  117A VLF C o m p a r a t o r .
The c i r c u i t  f o r  t h e  K h y p e r f i n e  f r e q u e n c y  a t  461 MHz 
i n v o l v e d  f r e q u e n c y  m u l t i p l i c a t i o n ,  and a b l o c k  d i a g r a m  i s  
shown i n  F i g u r e  8 . A 6 5 •9 MHz s i g n a l  f ro m  a G e n e r a l  R a d io  
1164-A f r e q u e n c y  s y n t h e s i z e r  was a m p l i f i e d  by a n  RF 
C o m m u n ic a t io n s  805  A m p l i f i e r  and f e d  i n t o  a  m u l t i p l i e r  
c i r c u i t  u t i l i z i n g  a v a r a c t o r  d i o d e .  The c i r c u i t  was t u n e d  
f o r  t h e  s i x t h  h a r m o n i c .  A James  C-3044  c h o p p e r  was u se d  t o
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m o d u l a t e  t h e  s i g n a l  a t  15 Hz,  and  t h e  s i g n a l  was a t t e n u a t e d  
by  H e w l e t t  P a c k a r d  355C and 355D A t t e n u a t o r s .  RG-58 f l e x i b l e  
c o a x  c a b l e  was s u i t a b l e  f o r  a l l  t h e  c o n n e c t i o n s ,  and one 
p i e c e  o f  c a b l e  was c u t  t o  t h e  p r o p e r  l e n g t h  t o  m i n i m i z e  t h e  
r e f l e c t e d  wave and  m a x im iz e  t h e  power  g o i n g  i n t o  t h e  o v e n .
The same f r e q u e n c y  c o u n t e r  was u s e d  a s  w i t h  Na and Rb, 
e x c e p t  t h a t  a 5253B P l u g - I n  u n i t  was i n s t a l l e d ,  and t h e  
f r e q u e n c y  was c a l i b r a t e d  w i t h  t h e  C o m p a r a t o r .
The Zeeman f r e q u e n c i e s  o f  t h e  a l k a l i e s  w ere  
g e n e r a t e d  by a H e w l e t t  P a c k a r d  Model  200CD O s c i l l a t o r .  The 
s i g n a l  was t h e n  c h o p p ed  a t  15 Hz by  t h e  Jam es  c h o p p e r ,  
a t t e n u a t e d  by t h e  H e w l e t t  P a c k a r d  a t t e n u a t o r s ,  and  f e d  t o  
t h e  p i c k - u p  c o i l  i n  t h e  o v en .
6 . T e m p e r a t u r e  C o n t r o l
56An o v e n ,  c o n s t r u c t e d  o f  n o n - m a g n e t i c  f i r e b r i c k ,  
was u se d  t o  c o n t a i n  t h e  s a m p l e .  T h r e e  i n .  d i a m e t e r  p y r e x  
windows w e re  i n s e r t e d  i n  b o t h  e n d s  o f  t h e  o v en  t o  a l l o w  t h e  
r e s o n a n c e  l i g h t  t o  p a s s  t h r o u g h ,  and t h e  c r a c k s  i n  t h e  
f i r e b r i c k  w ere  f i l l e d  w i t h  F i b e r f r a x . ^ 7
H ig h  t e m p e r a t u r e s ,  up t o  8 50°C ,  w ere  a c h i e v e d  by
58u s i n g  t h r e e  s i l i c o n  c a r b i d e  h e a t i n g  e lem ents -^  c o n n e c t e d  i n  
s e r i e s  i n  t h e  t o p  o f  t h e  oven  and  a h o r s e s h o e - s h a p e d  h e a t i n g  
c o i l  i n  t h e  b o t t o m .  The c u r r e n t  t h r o u g h  t h e  c a r b o n  r o d s  and 
t h e  c u r r e n t  t h r o u g h  t h e  c o i l  w e re  a d j u s t e d  i n d e p e n d e n t l y  t o  
g i v e  t h e  same t e m p e r a t u r e  r e a d i n g  f o r  t h e  t o p  and b o t t o m  
t h e r m o c o u p l e s .  F o r  low t e m p e r a t u r e  w o rk ,  c o o l e d  N2 g a s  was
f e d  i n t o  one  end o f  t h e  o v en  and was removed by a t u b e  
p l a c e d  i n  t h e  o t h e r  end o f  t h e  o v e n .  The p y r e x  windows w ere  
k e p t  f ro m  f o g g i n g  up by b l o w i n g  a s m a l l  s t r e a m  o f  warm a i r  
on them .
T h r e e  t h e r m o c o u p l e s  w ere  u sed  f o r  t h e  t e m p e r a t u r e  
m e a s u r e m e n t s ,  and t h e y  w e re  c o n n e c t e d  by  a s w i t c h  t o  a 
L e e d s  and N o r t h r u p  P o t e n t i o m e t e r  and t o  Model  2430  dc 
G a l v a n o m e t e r .  The s w i t c h  was u s e d  so t h a t  a l l  t h r e e  
t h e r m o c o u p l e s  c o u l d  be  r e a d  q u i c k l y .
B . Sam ple  P r e p a r a t i o n
The s a m p l e s  w e re  s p h e r i c a l  300 cm f l a s k s ,  e i t h e r  
p y r e x  o r  G e n e r a l  E l e c t r i c  f u s e d  q u a r t z ,  and t h e y  had  a 1 i n .  
l o n g  6 mm o . d .  s t e m  on t h e  b o t t o m .  Each  f l a s k  was e v a c u a t e d  
t o  a b o u t  5 x 1 0 ”^ T o r r  on a n  o i l  d i f f u s i o n  pump vacuum s y s t e m ,  
t h e  a l k a l i  m e t a l  was d i s t i l l e d  i n t o  t h e  b u l b  t i p  t h r o u g h  a 
s i d e a r m  w i t h  a U - t u b e ,  and t h e  b u f f e r  g a s  was l e a k e d  i n t o  
t h e  f l a s k .  P r e s s u r e s  w ere  r e c o r d e d  b o t h  b e f o r e  and a f t e r  
s e a l i n g  o f f  t h e  sa m p le  t o  d e t e r m i n e  t h e  p r e s s u r e  i n  t h e  
f l a s k  a f t e r  s e a l - o f f .  T h i s  p r e s s u r e  c o r r e c t i o n  r e p r e s e n t e d  
up t o  a 2 p e r c e n t  c h a n g e  f ro m  t h e  p r e s s u r e  r e c o r d e d  b e f o r e  
s e a l - o f f .  P r e s s u r e  m e a s u r e m e n t s  w ere  made w i t h  e i t h e r  a n  
o i l  o r  Hg m a n o m e te r .  The o i l  was Dow C o r n i n g  705 D i f f u s i o n  
Pump O i l  w i t h  a s p e c i f i c  g r a v i t y  o f  1 .0 9 5  a t  2 5 ° C . ^ ^  The 
t e m p e r a t u r e  o f  t h e  b u l b  was a l s o  r e c o r d e d  a f t e r  l e a k i n g  i n  
t h e  g a s ,  so  t h a t  t h e  b u l b  p r e s s u r e  m ig h t  be  c o r r e c t e d  t o
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Two p r o b l e m s  d e v e l o p e d  i n  t h e  p r e p a r a t i o n  o f  t h e  
s a m p l e s ,  and  t h e i r  s o l u t i o n s  w a r r a n t  s h o r t  e x p l a n a t i o n s .
The f i r s t  p r o b l e m  r e s u l t e d  f ro m  t h e  r e a c t i o n  o f  Na 
w i t h  b o t h  p y r e x  and q u a r t z .  T h i s  r e a c t i o n  t u r n s  t h e  b u l b s  
b ro w n ,  and  Na r e s o n a n c e  l i g h t  i s  u n a b l e  t o  p a s s  t h r o u g h  t h e  
b u l b .  I t  was f o u n d  t h a t  by  d i s t i l l i n g  o n l y  a s m a l l  amount  
o f  Na a t  a t i m e ,  f o r m i n g  a f i n e  f i l m  on t h e  b u l b ,  t h a t  t h e  
Na c o u l d  be  d r i v e n  i n t o  t h e  b u l b  t i p  w i t h o u t  d a r k e n i n g  t h e  
b u l b .  T h i s  d i s t i l l a t i o n  p r o c e s s  was t h e n  r e p e a t e d  s e v e r a l  
t i m e s  t o  a s s u r e  t h a t  t h e r e  was a n  a d e q u a t e  s u p p l y  o f  Na f o r  
t h e  e x p e r i m e n t .
The s e c o n d  p r o b l e m  stemmed f ro m  i n s u f f i c i e n t  
o u t g a s s i n g  o f  t h e  s a m p l e .  I n i t i a l l y ,  we w e re  s im p l y  h e a t i n g  
t h e  s am p le  w i t h  a B unsen  b u r n e r  b e f o r e  d i s t i l l i n g  t h e  a l k a l i  
m e t a l .  H ow ever ,  when t h e  h y p e r f i n e  f r e q u e n c i e s  w e re  l a t e r  
m e a s u re d  u s i n g  t h e s e  b u l b s ,  s h i f t s  i n  t h e  f r e q u e n c i e s  c a u s e d  
by a " c o n t a m i n a n t "  w e re  fo u n d  i n  a d d i t i o n  t o  t h e  b u f f e r  g a s  
p r e s s u r e  s h i f t .  T h i s  c o n t a m i n a n t  was d e t e r m i n e d  t o  be  Ng, 
by u s i n g  m e a s u r e m e n t s  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  
b u f f e r  g a s  p r e s s u r e  s h i f t s .
The s o l u t i o n  t o  t h i s  c o n t a m i n a n t  p r o b l e m  c o n s i s t e d  
i n  u s i n g  a d i f f e r e n t  p r o c e d u r e  f o r  o u t g a s s i n g  t h e  s a m p l e s .
The e n t i r e  b u l b  i n c l u d i n g  t h e  t i p  was b a k e d  a t  875°C f o r  
q u a r t z  and 5 5 0 °C f ° r  p y r e x  f o r  2 h o u r s  b e f o r e  d i s t i l l i n g  t h e  
a l k a l i  m e t a l .  A f t e r  d i s t i l l i n g  t h e  m e t a l  i n t o  t h e  b u l b  t i p ,  
t h e  b u l b  was b ak ed  a g a i n  f o r  2 h o u r s  a t  t h e  same t e m p e r a t u r e  
w h i l e  t h e  b u l b  t i p  was w a t e r - c o o l e d .  F r e q u e n c y  m e a s u r e m e n t s
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on b u l b s  c o n s t r u c t e d  i n  t h i s  m a n n e r  showed no  c o n t a m i n a n t  
p r e s e n t  i n  t h e  s a m p l e ,  and a l l  t h e  d a t a  w h ic h  i s  r e p o r t e d  
came f ro m  t h e s e  l a t t e r  b u l b s .
C . M e a su re m e n t  P r o c e d u r e
I t  h a s  b e e n  shown i n  C h a p t e r  I I  why t h e  f i e l d -  
i n d e p e n d e n t  h y p e r f i n e  t r a n s i t i o n s
( F = I + l / 2 ,  M=0)«-> ( F = I - l / 2 ,  M=0) 
c o u l d  n o t  be  o b s e r v e d  i n  t h i s  e x p e r i m e n t .  So we w ere  f o r c e d  
t o  o b s e r v e  t h e  f i e l d - d e p e n d e n t  t r a n s i t i o n s ,  and t h e  
s t r o n g e s t  s i g n a l s  came f ro m  t h e
( F = I + l / 2 ,  M = I + l / 2 ) * +  ( F = I - l / 2 ,  M = I - l / 2 )  
and ( F = I + l / 2 , M=-( 1 + 1 / 2 ) ) * * - ( F = I - 1 / 2 ,  M = - ( l - l / 2 ) )
t r a n s i t i o n s .  T h e s e  w ere  t h e  two t r a n s i t i o n s  o b s e r v e d  f o r  
e a c h  a l k a l i .
Now c o n s i d e r  t h e  B r e i t - R a b i  f o r m u l a  w h ic h  was 
d e r i v e d  i n  C h a p t e r  I I .  I f  we ex p an d  t h e  s q u a r e  r o o t  i n  t h i s  
f o r m u l a  f o r  t h e  c a s e  o f  a w eak  m a g n e t i c  f i e l d  H , and i f  we 
k e e p  o n l y  t e r m s  up t o  s e c o n d  o r d e r  i n  t h e  f i e l d ,  t h e n  t h e  
a v e r a g e  f r e q u e n c y  o f  t h e  two t r a n s i t i o n s  g i v e n  a b o v e  w i l l  be
-oL 4. L 1 na (rn
h f p  *  L a  0
- r i - <■*>!*♦ o 1
lvyp L 1 » u x + o *  J ~ :v i  •
I f  t h e  s e c o n d  t e r m  i s  v e r y  s m a l l  ( «  1 Hz) we c a n  n e g l e c t  i t  
an d  c a l c u l a t e  t h e  h y p e r f i n e  f r e q u e n c y  "Vhyp s i mP l y  by
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a v e r a g i n g  t h e  two t r a n s i t i o n s .  I n  o r d e r  t o  c a l c u l a t e  t h e  
s e c o n d  t e r m  i n  t h e  f i r s t  e x p r e s s i o n ,  t h e  m a g n e t i c  f i e l d  HQ 
m u s t  be  known, and t h i s  f i e l d  was c a l c u l a t e d  by  m e a s u r i n g  
t h e  Zeeman f r e q u e n c y ,  w h ic h  g i v e s
- "'t: H. .
F o r  a l l  t h e  e x p e r i m e n t s ,  t h e  Zeeman f r e q u e n c i e s  w ere  
1500 Hz t o  6000  Hz,  so
H 0 * o . S + o  i . o  vnG j
w h ic h  c o m p a re s  w e l l  w i t h  t h e  f i e l d s  c a l c u l a t e d  i n  s e c t i o n  B. 
I f  t h e  l a r g e s t  f i e l d  HQ = 2 . 0  mG i s  s u b s t i t u t e d  i n t o  
e q u a t i o n  ( 1 2 ) ,  we g e t  f o r  t h e  a v e r a g e  o f  t h e  two f i e l d -  
d e p e n d e n t  t r a n s i t i o n s
7.S*lo‘  ^ Hi Ho.13
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and i n  a l l  c a s e s  t h e  q u a d r a t i c  f i e l d  t e r m  c a n  b e  n e g l e c t e d .
The n u c l e a r  s p i n s  o f  t h e  t h r e e  a l k a l i e s  u sed  a r e
1= 3 /2  f o r  N a ^  a nd k / 9  and 1 =5 / 2  f o r  R b ^ 5 s an(j t h e
m e a s u r e m e n t s  w ere  made on t h e  (F =2 ,  M = + 2 ) * ^ ( F = 1 ,  M=+l)
t r a n s i t i o n s  f o r  N a ^  a n d anc] t h e  (F =3 ,  M=+3 )*-► ( F = 2 , M=+2)
85t r a n s i t i o n s  f o r  Rb .
P a s t  e x p e r i m e n t s ^  h a v e  shown t h a t  s m a l l  s h i f t s  i n  
t h e  f r e q u e n c i e s  o b s e r v e d  i n  a n  o p t i c a l  pumping  e x p e r i m e n t
c a n  be  c a u s e d  by many e f f e c t s .  Each  s i g n i f i c a n t  p a r a m e t e r  
was v a r i e d  i n  a n  a t t e m p t  t o  o b s e r v e  a n y  s y s t e m a t i c  s h i f t s  i n  
t h e  m e a s u re d  h y p e r f i n e  f r e q u e n c i e s .
The pumping  l i g h t  c a n  be  p i c t u r e d  a s  a r e l a x a t i o n  
m echan ism  w h ic h  c a n  b r o a d e n  and s h i f t  an  r f  t r a n s i t i o n . ^  
T h i s  l i g h t  s h i f t  i n v o l v e s  b o t h  r e a l  and  v i r t u a l  a b s o r p t i o n  
o f  t h e  pumping  r a d i a t i o n ,  and i s  a f u n c t i o n  o f  t h e  i n t e n s i t y  
o f  t h e  pum ping  l i g h t .  I t  c a n  be  e l i m i n a t e d  by m e a s u r i n g  a 
h y p e r f i n e  f r e q u e n c y  a t  v a r i o u s  l i g h t  i n t e n s i t i e s  and 
e x t r a p o l a t i n g  t h e  f r e q u e n c y  t o  z e r o  i n t e n s i t y .  T h i s  was 
done  by  i n s e r t i n g  n e u t r a l  d e n s i t y  f i l t e r s  o f  v a r i o u s  
s t r e n g t h s  i n t o  t h e  p a t h  o f  t h e  l i g h t .  No f r e q u e n c y  s h i f t s  
w e re  o b s e r v e d  i n  d e c r e a s i n g  t h e  l i g h t  i n t e n s i t y  by  a f a c t o r  
o f  t e n .
62The B l o c h - S i e g e r t  s h i f t ,  c a u s e d  by t h e  c o u n t e r -  
r o t a t i n g  com ponen t  o f  t h e  l i n e a r l y  o s c i l l a t i n g  r f  m a g n e t i c  
f i e l d ,  c a n  b e  e x p r e s s e d  i n  t h e  fo rm
s  V  C  1 +  )  .
We o b s e r v e  t h a t  t h i s  s h i f t  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  
t h e  r f  a m p l i t u d e .  The r f  power  was a t t e n u a t e d  i n  s t e p s  by 
a f a c t o r  o f  t e n  and no s h i f t  was o b s e r v e d  i n  t h e  h y p e r f i n e  
f r e q u e n c y .
Two p a r a m e t e r s  w h ic h  s h o u l d  c a u s e  a s h i f t  o n l y  i n
l i ps p i n - e x c h a n g e  o p t i c a l  pumping w e re  v a r i e d  a s  a c h e c k .
F i r s t  t h e  s e n s e  o f  t h e  c i r c u l a r  p o l a r i z a t i o n  was v a r i e d  f ro m  
r i g h t  t o  l e f t .  Then t h e  d i r e c t i o n  o f  t h e  s t a t i c  m a g n e t i c
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f i e l d  was r e v e r s e d  f ro m  p a r a l l e l  t o  a n t i p a r a l l e l  t o  t h e  
l i g h t  beam. No f r e q u e n c y  s h i f t  was o b s e r v e d  i n  e i t h e r  c a s e .
The p o s i t i o n  o f  t h e  r f  c o i l  was v a r i e d  w i t h  r e s p e c t  
t o  t h e  b u l b .  T h i s  had  no  m e a s u r a b l e  e f f e c t  on t h e  h y p e r f i n e  
f r e q u e n c y .
F i n a l l y ,  t h e  m a g n e t i c  s h i e l d s  s u r r o u n d i n g  t h e  oven  
w e re  d e m a g n e t i z e d  i n  a n  a t t e m p t  t o  d e c r e a s e  t h e  l i n e w i d t h s  
o f  t h e  t r a n s i t i o n s .  The p r o c e s s  had  a n  i n s i g n i f i c a n t  e f f e c t  
on b o t h  t h e  m e a s u re d  l i n e w i d t h s  and t h e  h y p e r f i n e  
f r e q u e n c i e s .
The b e s t  o p t i c a l  pumping s i g n a l s  a r e  o b t a i n e d  w i t h  
a n  a l k a l i  a to m  v a p o r  p r e s s u r e  o f  ^  1 0 “ ^ T o r r  f o r  Na and 
^n* 1 0 - ^ T o r r  f o r  K and R b . F i g u r e  9 shows t h e  v a p o r  
p r e s s u r e s  o f  t h e  t h r e e  a l k a l i e s  a s  a f u n c t i o n  o f  
t e m p e r a t u r e . I f  t h e  t e m p e r a t u r e  o f  t h e  sam p le  i s  v a r i e d  
more t h a n  40°C on  e i t h e r  s i d e  o f  t h e  opt imum t e m p e r a t u r e ,  
t h e r e  i s  a n  i n c o r r e c t  a l k a l i  d e n s i t y  t o  o b t a i n  a s i g n a l .
T h i s  e x p e r i m e n t a l  p r o b le m  h a s  b e e n  s o l v e d  by  t h e
12 1 Rt e c h n i q u e s  o f  h i g h  and low t e m p e r a t u r e  o p t i c a l  p um ping .  * J 
B o th  m e th o d s  w e re  u sed  f o r  t h i s  e x p e r i m e n t .  The b u l b  t i p  
was p l a c e d  i n  a s p e c i a l l y  c o n s t r u c t e d  p y r e x  h o l d e r .  F o r  t h e  
h i g h  t e m p e r a t u r e  m e a s u r e m e n t s ,  a s m a l l  s t r e a m  o f  c o o l  a i r  
was f e d  t h r o u g h  t h e  h o l d e r  w h i l e  t h e  r e s t  o f  t h e  b u l b  was 
h e a t e d  by t h e  o v e n .  By c a r e f u l l y  c o n t r o l l i n g  t h e  s t r e a m  o f  
a i r ,  t h e  opt imum a l k a l i  d e n s i t y  was o b t a i n e d  f o r  e a c h  
t e m p e r a t u r e  o f  t h e  o v e n .  W i th  t h e  low t e m p e r a t u r e  
m e a s u r e m e n t s ,  a s t r e a m  o f  h o t  a i r  was f e d  t h r o u g h  t h e  h o l d e r
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FIG.  9
The v a p o r  p r e s s u r e s  o f  Na,  K, and  Rb a s  a  f u n c t i o n  
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V a p o r  P r e s s u r e  ( T o r r )
FIG. 9
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w h i l e  t h e  b u l b  was c o o l e d  by N2 g a s  b u b b l e d  t h r o u g h  
l i q u i d  N2 .
The e x a c t  m e a s u re m e n t  p r o c e d u r e  was a s  f o l l o w s .
A l l  t h e  e q u ip m e n t  i n c l u d i n g  t h e  r e s o n a n c e  lamp was t u r n e d  on 
t h r e e  h o u r s  b e f o r e  m ak in g  t h e  f i r s t  m e a s u r e m e n t s ,  and t h e  
r e s o n a n c e  lamp was a d j u s t e d  t o  y i e l d  maximum l i g h t  i n t e n s i t y .  
The f r e q u e n c y  c o u n t e r  was m o n i t o r e d  and  was s t a b l e  t o  3 Hz 
p e r  h o u r ,  and  i t s  a c c u r a c y ,  c h e c k e d  c o n s t a n t l y  w i t h  t h e  
C o m p a r a t o r ,  was b e t t e r  t h a n  1 p a r t  i n  10^ .  F o r  t h e  h i g h  
t e m p e r a t u r e  m e a s u r e m e n t s ,  t h e  oven  was h e a t e d  by t h e  c a r b o n  
r o d s  and  h e a t i n g  c o i l  t o  a t e m p e r a t u r e  g r e a t e r  t h a n  t h e  
f i r s t  m e a s u re m e n t  v a l u e ,  and t h e n  t h e  ov en  was a l l o w e d  t o  
c o o l  s l o w l y  t o  t h e  p r o p e r  t e m p e r a t u r e  w h i l e  t h e  a l k a l i  
d e n s i t y  i n  t h e  sa m p le  was a d j u s t e d  t o  i t s  opt imum v a l u e .  A t  
low t e m p e r a t u r e s ,  t h e  r e v e r s e  was u s e d .  The sam p le  was 
c o o l e d  t o  a t e m p e r a t u r e  b e lo w  t h e  o p e r a t i n g  o n e ,  and  t h e n  
t h e  t e m p e r a t u r e  was s l o w l y  r a i s e d .  T h i s  p r o c e d u r e  seemed t o  
m i n i m i z e  t h e  t e m p e r a t u r e  g r a d i e n t s  a c r o s s  t h e  s a m p le .  N ex t  
t h e  s a m p le  was h e l d  a t  t h e  g i v e n  t e m p e r a t u r e  f o r  s e v e r a l  
m i n u t e s  i n  o r d e r  t o  a c h i e v e  t h e r m a l  e q u i l i b r i u m  i n s i d e  and 
o u t s i d e  t h e  b u l b .  The o v en  was t u r n e d  o f f  d u r i n g  a f r e q u e n c y  
m e a s u r e m e n t ,  so  t h e  f r e q u e n c y  was m e a s u re d  q u i c k l y  t o  a s s u r e  
t h a t  t h e  t e m p e r a t u r e  d id  n o t  d ro p  s i g n i f i c a n t l y .  T h i s  was 
n o t  a p r o b l e m  a t  low t e m p e r a t u r e s .
The t e m p e r a t u r e  i n  t h e  c e l l s  was m e a s u re d  w i t h  t h r e e  
t h e r m o c o u p l e s  i n  c o n t a c t  w i t h  t h e  o u t s i d e  o f  t h e  b u l b ,  and 
a t  low t e m p e r a t u r e s  t h e  t h e r m o c o u p l e s  w ere  ep oxyed  t o  t h e  b u l b .
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P t - P t l O $ R h  t h e r m o c o u p l e s  w e re  u s e d  o v e r  t h e  r a n g e  2 5 -850°C  
and C u - C o n s t a n t a n  t h e r m o c o u p l e s  w e re  u s e d  b e lo w  25°C ,  and 
t h e  r e f e r e n c e  j u n c t i o n  was k e p t  i n  a n  i c e  b a t h .  T h e rm a l  
g r a d i e n t s  f ro m  t o p  t o  b o t t o m  o f  t h e  c e l l  w e re  no g r e a t e r  
t h a n  25°C a t  t h e  h i g h  t e m p e r a t u r e s  and  15°C a t  t h e  l o w e r  
t e m p e r a t u r e s  and w ere  s i g n i f i c a n t l y  s m a l l e r  i n  b e t w e e n .
As s t a t e d  p r e v i o u s l y ,  t h e  h y p e r f i n e  f r e q u e n c y  o f  
e a c h  a l k a l i  was d e t e r m i n e d  by  m e a s u r i n g  t h e  f r e q u e n c i e s  o f  
a p a i r  o f  t r a n s i t i o n s .  E a ch  t r a n s i t i o n  f r e q u e n c y  was 
d e t e r m i n e d  by  m e a s u r i n g  t h e  maximum s i g n a l  on t h e  L o c k - I n .
A m e a s u re m e n t  c o n s i s t e d  o f  two v a l u e s  o f  e a c h  o f  t h e  p a i r  o f  
t r a n s i t i o n s ,  and s e t s  o f  f i v e  o r  t e n  m e a s u r e m e n t s  w ere  t a k e n  
f o r  e a c h  d a t a  p o i n t .  As a r e s u l t  a d a t a  p o i n t  c o n s i s t e d  o f  
20 o r  40  s e p a r a t e  f r e q u e n c y  m e a s u r e m e n t s .  The l i n e w i d t h s  
( f u l l  w i d t h  a t  h a l f  maximum) o f  b o t h  t r a n s i t i o n s  w e re  a l s o  
m e a s u r e d  f o r  e a c h  d a t a  p o i n t .
A s y m m e t r i e s  i n  t h e  s h a p e  o f  t h e  s i g n a l  a m p l i t u d e  
w ould  h a v e  b e e n  a n  i m p o r t a n t  s y s t e m a t i c  e r r o r  i n  m e a s u r i n g  
t h e  h y p e r f i n e  f r e q u e n c i e s .  F o r  e a c h  d a t a  p o i n t ,  t h e  h a l f  
power  p o i n t s  w ere  com pared  w i t h  t h e  maximum a m p l i t u d e  t o  
d e t e r m i n e  a n y  o b s e r v a b l e  a s y m m e t r y ,  and n o n e  was e v e r  f o u n d  
w i t h i n  e x p e r i m e n t a l  a c c u r a c y .
We h a v e  s e e n  i n  C h a p t e r  I I  t h a t  t h e  t h e o r e t i c a l  
s h a p e  o f  t h e  o p t i c a l  pum ping  s i g n a l  f o r  a s p i n - 1 /2  s y s t e m  i s  
a L o r e n t z i a n ,  and  t h e  l i n e w i d t h  i s  r e l a t e d  t o  t h e  v a r i o u s  
r e l a x a t i o n  t i m e s .  The s h a p e  o f  t h e  o b s e r v e d  s i g n a l  
( a m p l i t u d e  v s  f r e q u e n c y )  was m e a s u r e d  f o r  a K i n  He sam p le
6 0
a t  room t e m p e r a t u r e ,  an d  t h e  e x p e r i m e n t a l  p o i n t s  a l o n g  w i t h  
t h e o r e t i c a l  c u r v e s  a r e  p l o t t e d  i n  F i g u r e s  10 and 11 .  By 
u s i n g  L o r e n t z i a n  and  G a u s s i a n  s h a p e s  f o r  t h e  t h e o r y ,  and  by  
m a t c h i n g  t h e  e x p e r i m e n t a l  and  t h e o r e t i c a l  maximum a m p l i t u d e s ,  
l i n e w i d t h s ,  and  c e n t e r  f r e q u e n c i e s ,  we c a n  s e e  f ro m  t h e  
f i g u r e s  t h a t  t h e r e  i s  no  s t r o n g  a sy m m e try  i n  t h e  s h a p e  o f  
t h e  s i g n a l .
L i n e w i d t h s  o f  t h e  t r a n s i t i o n s  r a n g e d  f ro m  1 1 0 - 3 6 0  Hz 
f o r  Na,  6 0 - l 6 0  Hz f o r  K, and 1 2 0 -3 6 0  Hz f o r  R b . F o r  t h e  Na 
and Rb m e a s u r e m e n t s ,  a b o u t  10 dB a t t e n u a t i o n  o f  t h e  r f  power  
was u s e d ,  and  t h i s  am ount  d e c r e a s e d  t h e  l i n e w i d t h  f ro m  a b o u t  
1000 Hz; more  a t t e n u a t i o n  d i d  n o t  seem t o  a f f e c t  t h e  
l i n e w i d t h  a t  a l l .  Most  o f  t h e  r e s t  o f  t h e  l i n e w i d t h  was due 
t o  e i t h e r  m a g n e t i c  f i e l d  i n h o m o g e n e i t y  o r  t e m p e r a t u r e  
g r a d i e n t s  a c r o s s  t h e  b u l b .  The t e m p e r a t u r e  e f f e c t  was 
e x p e c t e d  t o  d e c r e a s e  w h e n e v e r  t h e r e  was o n l y  a s m a l l  
d e p e n d e n c e  o f  t h e  h y p e r f i n e  f r e q u e n c i e s  on t h e  t e m p e r a t u r e ,  
and t h i s  i n  f a c t  was t h e  c a s e .  The h y p e r f i n e  l i n e w i d t h s  
w ere  a l s o  co m pared  t o  t h e  Zeeman l i n e w i d t h s  w h ic h  a r e  
t e m p e r a t u r e  i n d e p e n d e n t .
M e a s u r e m e n t s  i n  He c o n s t i t u t e d  a s p e c i a l  p r o b le m
b e c a u s e  o f  t h e  l e a k a g e  o f  He o u t  o f  t h e  q u a r t z  b u l b s  a t  h i g h  
6 kt e m p e r a t u r e s .  The p r o b l e m  i s  t o  c a l c u l a t e  t h e  l e a k a g e  
o f  He f ro m  t h e  b u l b s .
The p e r m e a b i l i t y  o f  p y r e x  and  f u s e d  q u a r t z  t o  
v a r i o u s  g a s e s  a t  e l e v a t e d  t e m p e r a t u r e s  c a n  be  e x p r e s s e d  
b y  t h e  r e l a t i o n ^




The L o c k - I n  s i g n a l  a m p l i t u d e  a s  a f u n c t i o n  o f  
f r e q u e n c y  f o r  a K-He b u l b .  The op en  c i r c l e s  a r e  
t h e  m e a s u re d  v a l u e s  and  t h e  s o l i d  c u r v e  i s  a 
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w h e re  &  V(STP) i s  t h e  v o lum e  ( c m ^ ) ,  m e a s u re d  a t  s t a n d a r d  
t e m p e r a t u r e  (T g=273°K) and p r e s s u r e  ( P s = l  a t m ) ,  o f  g a s  l o s t  
t h r o u g h  s u r f a c e  a r e a  A (cm2 ) i n  t i m e  t  ( s e c ) ,  P (T)  (cm Hg) 
i s  t h e  p r e s s u r e  d i f f e r e n c e  o f  t h e  g a s  i n s i d e  and  o u t s i d e  t h e  
g l a s s  b u l b ,  d (mm) i s  t h e  t h i c k n e s s  o f  t h e  b u l b ,  T (°K) i s  
t h e  t e m p e r a t u r e  o f  t h e  s a m p l e ,  and K(T) i s  t h e  p e r m e a t i o n  
c o n s t a n t .  Prom t h e  i d e a l  g a s  law we g e t
Pt ttV(STP)
&  Kl -  ----------------------------vr*
w h ere  A  N i s  t h e  num ber  o f  g a s  m o l e c u l e s  w h ic h  l e a k  f ro m  
t h e  b u l b .  The l e a k a g e  c a n  be  c o n v e r t e d  t o  a c h a n g e  i n  
p r e s s u r e  a t  a c o n v e n i e n t  t e m p e r a t u r e  TQ by
A N T  o,
A  P  CT0 )  =
V ( T 0 )
* P ^ T O  • & L  ft* * ] *
d, VCTo^
But
P ( .T 1  = P  (T o }  r  V—  1 P C T . ^ X
To v e t )  T0
w h ere  t h e  t e r m  3 (T-T ) comes f ro m  t h e  c h a n g e  i n  t h e  
vo lum e o f  t h e  b u l b  due t o  t h e r m a l  e x p a n s i o n ^  and  i s  ' the
l i n e a r  c o e f f i c i e n t  o f  e x p a n s i o n .  The c o e f f i c i e n t  OC h a s
i 6 7 , 6 8t h e  v a l u e s
c y a / c v a
_ (0
s  ° ' 5 5 x , °
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The c h a n g e  i n  p r e s s u r e  due t o  l e a k a g e  i s  t h e n  g i v e n  by
(T.) -  P O O  ?J  A* KCT) X -   ------;----— ,  •
T s i, V t T , , ) [ i < - » < U T - T „ ) ]
I f  t h e  s a m p le  i s  s p h e r i c a l  t h i s  e q u a t i o n  becom es
[ ■ « { \ v7r„>L• * » * ( r - t 6 ]  '
t h e  fo rm
The p e r m e a t i o n  c o n s t a n t  K(T) c a n  be  w r i t t e n  i n
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l o < j lo K.CO = C , -  C t / T
w h e re  t h e  c o n s t a n t s  C-  ^ and  C2 a r e  o b t a i n e d  f ro m  m e a s u r e m e n t s  
o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  p e r m e a t i o n  c o n s t a n t  K(T) 
T h e s e  c o n s t a n t s  h a v e  b e e n  c a l c u l a t e d  f ro m  p r e v i o u s  d a t a ^ ’ T® 
and  a r e  l i s t e d  i n  T a b l e  I  f o r  v a r i o u s  g a s e s .
L e ak ag e  f ro m  e a c h  b u l b  was c a l c u l a t e d  b y  k e e p i n g  a 
l o g  o f  t e m p e r a t u r e  v s  t i m e  a s  t h e  b u l b  was h e a t e d .  A BASIC 
p r o g ra m  LEAK (A p p e n d ix  I I I )  was w r i t t e n  t o  c a l c u l a t e  t h e  
d e c r e a s i n g  p r e s s u r e  e a c h  t i m e  a m e a s u re m e n t  was made.  The 
s i n g l e  p a r a m e t e r  d i f f i c u l t  t o  m e a s u re  was t h e  a v e r a g e  
t h i c k n e s s  o f  t h e  s p h e r i c a l  b u l b .  H ow ever ,  t h i s  t h i c k n e s s  
was c a l c u l a t e d  by a c y c l i n g  p r o c e d u r e .  The h y p e r f i n e  
f r e q u e n c y  was f i r s t  m e a s u re d  a t  a low t e m p e r a t u r e .  Then 
f r e q u e n c i e s  w ere  m e a s u re d  a t  i n c r e a s i n g  t e m p e r a t u r e s .
F i n a l l y  t h e  t e m p e r a t u r e  was l o w e r e d  i n  s t e p s  and t h e  
f r e q u e n c i e s  w ere  a g a i n  m e a s u r e d .  The b u l b  t h i c k n e s s  was 
v a r i e d  i n  t h e  c a l c u l a t i o n s  t o  g i v e  t h e  b e s t  a g r e e m e n t  i n
TABLE I
V a l u e s  o f  t h e  c o n s t a n t s  and C2 f o r  t h e  p e r m e a t i o n  
c o n s t a n t  log-j_0 K(T) = C-j_ -  C2/T
Gas G l a s s
C1
/  cm^-mm ^
°2
/  cm^-mm-°K \
2cm Hg-cm - s e c 2cm Hg-cm - s e c
He P y re x - 6 . 2 9 3 1402
Q u a r t z -6 .373 1085
Ne Q u a r t z -7 .129 2 1 1 0
Ar Q u a r t z - 5 . 1 6 0 6 3 2 6
n2 Q u a r t z -4 .841 4887
6 8
p r e s s u r e  s h i f t  v a l u e s  b e f o r e  and  a f t e r  c y c l i n g ,  and  t h e  
t h i c k n e s s  was d e t e r m i n e d  by  m i n i m i z i n g  t h e  rms p r e s s u r e  
s h i f t  d i f f e r e n c e s  due  t o  c y c l i n g .  F i g u r e s  12 and 13 show 
t y p i c a l  p r e s s u r e  s h i f t  v a l u e s  b e f o r e  and  a f t e r  c a l c u l a t i n g  
t h e  p r e s s u r e  l e a k a g e .  The opt imum t h i c k n e s s  t h a t  we fo u n d  
f o r  e a c h  b u l b  was t h e n  u s e d  i n  a p r o g ra m  LEAK1 (A p p e n d ix  IV) 
f o r  a l l  o t h e r  p r e s s u r e  s h i f t  c a l c u l a t i o n s  w i t h  t h a t  s a m p l e .  
T a b l e  I I  l i s t s  t h e  c a l c u l a t e d  t h i c k n e s s e s  i n  mm.
H e l iu m  was t h e  o n l y  one  o f  t h e  f o u r  g a s e s  u sed  w h ic h  
r e q u i r e d  l e a k a g e  c a l c u l a t i o n s .  By way o f  i l l u s t r a t i o n  we 
p r e s e n t  i n  T a b l e  I I I  t h e  p r e s s u r e  a f t e r  1 h o u r  a t  a t y p i c a l  
t e m p e r a t u r e  f o r  a 300  cm^ b u l b  o f  a v e r a g e  t h i c k n e s s  1 .7 5  mm. 
The i n i t i a l  p r e s s u r e  i n  e a c h  b u l b  was c h o s e n  a s  1 0 . 0  cm Hg.
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The m e a s u r e d  p r e s s u r e  s h i f t  o f  K^9 j_n  He a s  a 
f u n c t i o n  o f  t e m p e r a t u r e  w i t h  a n  i n i t i a l  p r e s s u r e  
o f  3 2 . 0 2  T o r r  He. The o p en  c i r c l e s  a r e  d a t a  
t a k e n  a s  t h e  b u l b  was c y c l e d  f r o m  low t o  h i g h  
t e m p e r a t u r e ,  and  t h e  c r o s s e s  a r e  d a t a  t a k e n  f ro m  
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The c o r r e c t e d  p r e s s u r e  s h i f t  o f  K^9 i n  He a s  a 
f u n c t i o n  o f  t e m p e r a t u r e  f o r  t h e  same b u l b .  The 
o p e n  c i r c l e s  a r e  a g a i n  t h e  f i r s t  p a r t  o f  t h e  
t e m p e r a t u r e  c y c l e ,  and t h e  c l o s e d  c i r c l e s  a r e  
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TABLE I I
T h i c k n e s s e s  o f  t h e  He sam ple  b u l b s  c a l c u l a t e d  f ro m  c y c l i n g  p r o c e d u r e
Alkali Buffer Gas Bulb Number
Average Thickness 
(mm)
Na He 23 1.478
35 1.716
K He 28 2.177
29 I . 6 3 8
Rb He 5 2.173
21 1 . 3 8 2
-<]u>
TABLE I I I
C a l c u l a t e d  p r e s s u r e  a f t e r  1 h o u r  a t  550°C o r  850°C o f  a 300 cm^ 
b u l b  o f  a v e r a g e  t h i c k n e s s  1 -7 5  mm and i n i t i a l  
p r e s s u r e  1 0 . 0  cm Hg
B u f f e r  Gas G l a s s
T e m p e r a t u r e
(°C)
P r e s s u r e  
(cm Hg)
He P y re x 550 9 .9 6 5 9 2
Q u a r t z 850 9 -7 5 8 4 7
Ne Q u a r t z 85 0 9 .9 9 5 4 5
Ar Q u a r t z 85 0 9 .9 9 9 9 3




A . D a ta
The q u a n t i t y  o f  i n t e r e s t  t o  us  i s  t h e  h y p e r f i n e  
p r e s s u r e  s h i f t
/ P
w i t h  " " ^ s h i f t e d  t ! le  s h i f t e d  h y p e r f i n e  f r e q u e n c y  and  P t h e  
p r e s s u r e  o f  t h e  b u f f e r  g a s  a t  a c o n v e n i e n t  t e m p e r a t u r e *  
w h ic h  we t o o k  t o  be  To=300°K. We h a v e  s e e n  i n  C h a p t e r  I I I  
t h a t  *V)Sh i f t e d  was m e a s u re d  f o r  e a c h  s a m p le  b u l b  a t  s e l e c t e d  
t e m p e r a t u r e s *  and t h a t  " ^ s h i f t e d  ^he mean o f  f i v e  o r  t e n  
m e a s u r e m e n t s .  The p r e s s u r e  P i s  e x p r e s s e d  i n  cm Hg ( 3 0 0 ° K ) .  
S i n c e  i t  i s  t h e  d e n s i t y  o f  t h e  g a s  and n o t  t h e  p r e s s u r e  t h a t  
d e t e r m i n e s  "Vsh i f t e d * Pr ^ s s u r e  s h o u l d  a l s o  be  c o r r e c t e d
f o r  t h e r m a l  e x p a n s i o n  o f  t h e  s a m p le  c e l l .  T h i s  c o r r e c t i o n  
g i v e s
PCo*-r (- C" ' H 3  i0 0 ‘ K') *'
and  r e p r e s e n t s  a 0 . l 4  p e r c e n t  c h a n g e  i n  t h e  p r e s s u r e  f o r  a 
q u a r t z  c e l l  a t  8 5 0 ° C . F o r  He t h e  p r e s s u r e  P m u s t  a l s o  be  
c o r r e c t e d  f o r  l e a k a g e  u s i n g  t h e  m e thod  d e s c r i b e d  i n  
C h a p t e r  I I I .  The f r e e - a t o m  v a l u e s  “V q o f  t h e  h y p e r f i n e  
f r e q u e n c y  a r e  l i s t e d  i n  T a b l e  IV and  a r e  f ro m  t h e
7 6
TABLE IV 
F r e e - a t o m  h y p e r f i n e  f r e q u e n c i e s
A l k a l i
“V o
(Hz)
23 Na J 1 771 626 1 2 8 . 8  + 1 . 0  ( R e f .  71 )
39K 4 6 l  719 7 2 0 . 2  + 1 . 4  ( R e f .  71 )
85 Rb J 3 035 732 439  + 5 ( R e f .  72 )
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m e a s u r e m e n t s  b y  B e c k m a n n ^  f o r  N a ^  an(j and b y
P e n s e l i n ^ 2 f o r  R b ^ .
The e r r o r s  i n  t h e  p r e s s u r e  s h i f t  m e a s u r e m e n t s  a t
d i f f e r e n t  t e m p e r a t u r e s  come f ro m  t h r e e  s o u r c e s .  F i r s t  t h e r e
i s  t h e  e r r o r  i n  " V g h i f t e d -  "Vo3 w h i c h  I s  c a l c u l a t e d  b y  u s i n g
46 7Rone  s t a n d a r d  d e v i a t i o n  o f  t h e  f r e q u e n c y  m e a s u r e m e n t s  ’ ' J 
f o r  t h e  e r r o r  i n  " D r i f t e d  and u s i n g  t h e  q u o t e d  e r r o r  
f o r  V D. N ex t  t h e r e  i s  a n  e r r o r  i n  t h e  t e m p e r a t u r e  o f  t h e  
s a m p l e ,  t a k e n  t o  be  t h e  maximum t e m p e r a t u r e  g r a d i e n t  a c r o s s  
t h e  s am p le  m e a s u re d  by t h e  t h r e e  t h e r m o c o u p l e s .  F i n a l l y  
t h e r e  i s  a n  e r r o r  i n  t h e  m e a s u re d  p r e s s u r e  o f  t h e  b u l b ,  
w h ic h  i s  a l m o s t  a lw a y s  t h e  l a r g e s t  e r r o r ,  and w h ic h  w i l l  
c o m p l e t e l y  mask t h e  o t h e r  e f f e c t s .  T h i s  p r e s s u r e  e r r o r  i s  
due  p a r t l y  t o  an  u n c e r t a i n t y  i n  r e a d i n g  t h e  Hg and  o i l  
m a n o m e te r s  ( b o t h  w ere  r e a d  t o  1 mm) and p a r t l y  t o  a s l i g h t  
p r e s s u r e  d i f f e r e n c e  fo u n d  i n  t h e  o i l  m an o m e te r  r e a d i n g  when 
t h e  vacuum s y s t e m  was r e e v a c u a t e d  a f t e r  r e m o v in g  t h e  sam p le  
f ro m  t h e  s y s t e m .  T h e se  two u n c e r t a i n t i e s  i n  t h e  p r e s s u r e  
w e re  assum ed  t o  be  i n d e p e n d e n t  so
r ■* / 1
e t v c t c u . a ' V  i , * n  ;  J  .
I n  A p p e n d ix  I I  we p r e s e n t  t h e  t h e o r e t i c a l  e x p r e s s i o n  
( e q u a t i o n  ( 1 9 ) )  f o r  t h e  e n s e m b le  a v e r a g e  o f  t h e  f r a c t i o n a l  
p r e s s u r e  s h i f t  ( p r e s s u r e  s h i f t  d i v i d e d  by “0o ) .  T h i s  
i n t e g r a l  i n d i c a t e s  t h a t  t h e  p r e s s u r e  s h i f t s  c a n  be  e x p r e s s e d  
i n  a power  s e r i e s  i n  1 / k T ,  w i t h  T t h e  t e m p e r a t u r e  i n  °K.
A p r e l i m i n a r y  a n a l y s i s  o f  t h e  h i g h  t e m p e r a t u r e  d a t a
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i n d i c a t e d  t h a t  t h e  s h i f t s  c o u l d  be  e x p r e s s e d  i n  t e r m s  o f  a 
l o w - o r d e r  p o l y n o m i a l  i n  1 /k T .  H ow ever ,  w i t h  t h e  a d d i t i o n  o f  
t h e  low t e m p e r a t u r e  d a t a ,  i t  became e v i d e n t  t h a t  t h e  
t e m p e r a t u r e  d e p e n d e n c e  c a n n o t  be  w r i t t e n  a s  a l o w - o r d e r  
p o l y n o m i a l  i n  1 / k T ,  b u t  t h a t  t h e  p r e s s u r e  s h i f t s  do f i t  
l o w - o r d e r  p o l y n o m i a l s  i n  T ( ° C ) .
S i n c e  we i n d i c a t e d  t h a t  t h e  u n c e r t a i n t y  i n  t h e  
p r e s s u r e  i s  t h e  d o m in a n t  e r r o r  i n  t h e  p r e s s u r e  s h i f t ,  i t  i s  
w o r t h w h i l e  t o  e l i m i n a t e  t h e  p r e s s u r e  d e p e n d e n c e  by 
c o n s i d e r i n g  a " n o r m a l i z e d "  p r e s s u r e  s h i f t  S ^ ( T ) ,  f o u n d  by 
d i v i d i n g  t h e  p r e s s u r e  s h i f t s  a t  d i f f e r e n t  t e m p e r a t u r e s  T 
f o r  a g i v e n  b u l b  p r e s s u r e  by  t h e  a b s o l u t e  v a l u e  o f  t h e  
p r e s s u r e  s h i f t  o f  t h e  b u l b  a t  some c o n v e n i e n t  n o r m a l i z e d  
t e m p e r a t u r e  TN
" V q ( , 1 )  
----------------------------------------------  . 0 3 )
T h e se  n o r m a l i z e d  p r e s s u r e  s h i f t s  w i l l  e q u a l  one o r  m in u s  one 
a t  T = Tj j , d e p e n d i n g  upon w h e t h e r  t h e  p r e s s u r e  s h i f t  a t  T^ 
i s  p o s i t i v e  o r  n e g a t i v e .
The u n c e r t a i n t y  i n  t h e  n o r m a l i z e d  p r e s s u r e  s h i f t  
Sn (T)  i s  j u s t  due t o  t h e  e r r o r s  i n  ( " V s h i f t e d “ V Q) (T ) and 
( " ^ s h i f t e d -  V o)  ( Tn ) * T!ae no:rai a l i z e d  t e m p e r a t u r e s  c h o s e n  
w e re  300°C f o r  Na and 200°C f o r  K and Rb, s i n c e  d a t a  was 
t a k e n  f ro m  a l l  s a m p le s  a t  t h e s e  t e m p e r a t u r e s .
S u  (T)
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G raphs  o f  t h e  n o r m a l i z e d  p r e s s u r e  s h i f t s  a s  a
f u n c t i o n  o f  t e m p e r a t u r e  a r e  g i v e n  i n  F i g u r e s  14-25* The 
s o l i d  c u r v e s  a r e  p o l y n o m i a l  f i t s  t o  t h e  d a t a
w h e re  x = T ( ° C ) / 1 0 0 0 .  The p o l y n o m i a l  c o e f f i c i e n t s  a r e
a r e  l i s t e d  i n  T a b l e  V. The c h i - s q u a r e d  v a l u e s  f o r  t h e  
p o l y n o m i a l s  a r e  l i s t e d  i n  T a b l e  VI a l o n g  w i t h  t h e  num ber  o f  
d a t a  p o i n t s .  A r o u g h  r u l e  o f  thumb g i v e s  50 p e r c e n t  
c o n f i d e n c e  t o  a  c h i - s q u a r e d  v a l u e  e q u a l  t o  t h e  number  o f  
d e g r e e s  o f  f r e e d o m  (num ber  o f  d a t a  p o i n t s  m inus  t h e  num ber  
o f  f i t  p a r a m e t e r s ) . ^  Q u a r t i c  f i t s  a r e  r e q u i r e d  f o r  a l l  
c u r v e s  e x c e p t  f o r  Na i n  A r  and Rb i n  Ar ( c u b i c  f i t )  and f o r  
Rb i n  N2 ( 5 t h  d e g r e e  f i t ) .
B. R e s u l t s
The a c t u a l  p r e s s u r e  s h i f t  a t  an y  t e m p e r a t u r e  c a n  be 
d e t e r m i n e d  f ro m  e q u a t i o n  ( 1 3 )
We h a v e  c a l c u l a t e d  t h e  p r e s s u r e  s h i f t s  a t  Tjvj by  a v e r a g i n g  
t h e  m e a s u re d  s h i f t s  a t  T^ f o r  d i f f e r e n t  p r e s s u r e  b u l b s ,  and 
t h e  u n c e r t a i n t y  & S ( T N) i n  t h e  a v e r a g e  s h i f t  i s  d e t e r m i n e d  by
d e t e r m i n e d  by  a L e a s t - S q u a r e s  P o l y n o m i a l  F i t  p r o g r a m '  and
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KJ:7-Ne n o r m a l i z e d  p r e s s u r e
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P o l y n o m i a l  f i t  c o e f f i c i e n t s  f o r  n o r m a l i z e d  
p r e s s u r e  s h i f t  S ^ (T )  v s  T ( ° C ) / 1 0 0 0
Na23 He Ne Ar n 2
c o 0 . 6 9 0 4 1 2 0 . 7 7 0 4 0 0 - 0 .2 1 6 9 8 6 0 .6 4 3 2 3 5
C1 I .4 4 9 8 5 1 .2 9 8 0 6 9 . 3 3 4 3 8 1 .8 0 3 7 1
c 2 - 1 .7 8 1 8 9 - 2 .2 5 8 9 8 - 2 0 . 4 1 4 9 - 2 . 6 7 9 4 8
°3 1 . 4 2 0 1 9 1 .7 8 6 5 7 9 - 5 7 5 3 0 2 .4 3 6 9 0
c 4 - 0 . 5 3 0 4 5 5 - 0 . 5 9 2 9 7 1 - I .0 2 1 1 9
39K He Ne Ar n 2
Co 0 .7 9 6 7 0 0 0 .9 0 4 5 3 5 - 0 . 3 7 4 5 4 4 0 .8 1 1 7 8 2
C1 1 .3 4 4 7 5 0 . 9 2 8 6 9 4 - 1 . 4 2 8 3 7 1 .3 7 3 1 7
C2 - 1 . 9 9 4 0 1 - 2 . 8 2 0 4 8 - I I .2 3 6 9 - 2 . 5 4 8 5 6
c 3 1 .6 7 1 5 0 3 .2 0 0 0 6 1 8 .1 0 0 5 2 .1 8 5 8 5
c 4 - 0 . 6 3 4 1 7 2 - 1 . 4 6 3 2 8 - 1 0 . 3 5 6 9 - 0 . 8 3 6 3 0 4
Rb85 He Ne A r n 2
c o 0 . 8 0 9 4 6 4 0 . 9 3 7 6 2 4 - 0 . 3 9 6 4 1 4 0 .8 4 7 3 5 7
C1 1 .2 8 6 8 9 0 .7 4 5 0 2 1 - 2 . 3 5 5 3 7 1 .1 8 6 1 6
c 2 - 2 . 0 7 3 2 5 - 3 . 0 2 4 3 2 - 3 .6 3 2 8 6 - 2 . 7 7 4 8 3
C3
1 .8 4 2 6 4 4 . 9 8 5 7 7 3 . 1 2 9 4 9 4 .1 0 0 3 6
c 4 - O .7 0 8 8 8 8 - 3 . 6 5 9 1 4 - 4 .1 8 6 2 2
c 5 1 .8 6 2 4 4
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TABLE VI
C h i - s q u a r e d  v a l u e s  f o r  Sj j(T)  v s  T ( ° C ) / 1 0 0 0  
p o l y n o m i a l  f i t s
A l k a l i B u f f e r  Gas P o l y n o m i a l
D e g re e
C h i - S q u a r e d
V a l u e
Number 
o f  P o i n t s
Na He 4 4 2 . 2 32
Ne 4 2 0 .0 28
Ar 3 1 2 .8 29
N2 4 1 4 . 0 13
K He 4 2 4 . 5 4o
Ne 4 3 7 -3 49
A r 4 2 4 . 3 32
n 2 4 5 3 - 0 36
Rb He 4 5 1 - 2 38
Ne 4 2 5 - 1 37
Ar 3 1 4 . 1 24
n 2 . 5 6 0 . 9 19
1 0 6
w h e re  &  S ^ (T ^ )  i s  t h e  e r r o r  i n  t h e  p r e s s u r e  s h i f t  f o r  a n  
i n d i v i d u a l  b u l b  and  M i s  t h e  num ber  o f  b u l b s .
A t a b l e  o f  t h e  a v e r a g e  p r e s s u r e  s h i f t s  a t  t h e  
n o r m a l i z e d  t e m p e r a t u r e s  Tjj i s  g i v e n  i n  T a b l e  V I I .  Each  
a l k a l i  and b u f f e r  g a s  c o m b i n a t i o n  ( e x c e p t  f o r  Na and Rb 
i n  N2 ) i n v o l v e d  a t  l e a s t  two b u l b s  a t  d i f f e r e n t  p r e s s u r e s ,  
and  e x t r a p o l a t i o n s  o f  t h e  s h i f t e d  f r e q u e n c i e s  a t  TN t o  z e r o  
p r e s s u r e  a r e  c o n s i s t e n t  w i t h i n  o u r  e x p e r i m e n t a l  u n c e r t a i n t y  
w i t h  t h e  f r e e - a t o m  h y p e r f i n e  v a l u e s . 7 1 * 7 2
The m e a s u re d  h y p e r f i n e  p r e s s u r e  s h i f t s  a r e  p l o t t e d  
a s  a f u n c t i o n  o f  t e m p e r a t u r e  i n  F i g u r e s  2 6 - 2 8  f o r  N a ^ ,  
and  Rb i n  He,  Ne,  A r ,  and  N2 b u f f e r  g a s e s .  The v e r t i c a l  
l i n e s  i n d i c a t e  t h e  e r r o r s  i n  t h e  p r e s s u r e  s h i f t s  due t o  t h e  
f r e q u e n c y ,  e x c e p t  f o r  t h e  v e r t i c a l  l i n e s  a t  t h e  n o r m a l i z e d  
t e m p e r a t u r e s  w h ic h  i n d i c a t e  t h e  t o t a l  e r r o r s  i n  t h e  p r e s s u r e  
s h i f t s .  The h o r i z o n t a l  l i n e s  show t h e  e r r o r  i n  t h e  
t e m p e r a t u r e  r e a d i n g s .  F i n a l l y ,  t h e  op en  c i r c l e s  on e a c h  
g r a p h  i n d i c a t e  t h e  r e s u l t s  o f  p r e v i o u s  m e a s u r e m e n t s . ^ , ^ , ^  
The d a t a  o f  Bloom^ f o r  ± s  s u s p e c t  s i n c e  r e c e n t
m e a s u r e m e n t s ^  h a v e  i n d i c a t e d  a d i f f e r e n t  v a l u e  f o r  V d ( k3 9 ) .
C . C o n c l u s i o n s
M e a s u r e m e n t s  o f  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  
h y p e r f i n e  p r e s s u r e  s h i f t s  a r e  e x t r e m e l y  i m p o r t a n t  f o r  
c a l c u l a t i o n s  o f  t h e  p r e s s u r e  s h i f t s .  As we h a v e  s e e n ,  t h e s e  
c a l c u l a t i o n s  i n c l u d e  b o t h  t h e  i n t e r a t o m i c  p o t e n t i a l  and t h e  
wave f u n c t i o n  f o r  t h e  s y s t e m ,  so  we c a n  o n l y  c h e c k  t h e
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TABLE V I I
A v e r a g e  h y p e r f i n e  p r e s s u r e  s h i f t s  
a t  n o r m a l i z e d  t e m p e r a t u r e
A l k a l i B u f f e r  Gas N o r m a l i z e d
T e m p e r a t u r e
(°C)
P r e s s u r e  S h i f t  
(Hz/cm Hg 300°K)
Na He 300 ( 1 . 5 0 + 0 . 0 8 ) x 1 0 3
Ne 849+15
Ar 5 3 - 8 + 3 . 7
n 2 978+ 20
K He 2 0 0 5 2 7 + 2 6
Ne 263+ 4
A r - 5 1 - 6 + 4 . 1
n 2 363+9
Rb He 2 0 0 ( 3 . 7 6 + 0 . 0 7 ) x 1 0 3
Ne ( 1 . 8 6 + 0 . 0 5 ) x l 0 3
A r - 496+ 7
N2 (2.68+o.o6)xio3
FIG.  26
Na^3_He* Ne,  A r ,  and N2 p r e s s u r e  s h i f t s  v s  
t e m p e r a t u r e .  The o p en  c i r c l e s  a r e  t h e  
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K - ' - ' - K e ,  Ne,  A r ,  and N2 p r e s s u r e  s h i f t s  v s  
t e m p e r a t u r e .  The op en  c i r c l e s  a r e  t h e  
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Rb ' ' - H e ,  Ne,  A r ,  and N2 p r e s s u r e  s h i f t s  v s  
t e m p e r a t u r e .  The open  c i r c l e s  a r e  t h e  






4 0 0 0
3 0 0 0
Ne2000




6 0 02 0 0  4 0 0 8 0 00
T  ( ° C )
FIG. 28
114
b e h a v i o r  o f  e a c h  q u a n t i t y  s e p a r a t e l y  i f  we t a k e  m e a s u r e m e n t s  
o v e r  a n  e x t e n d e d  t e m p e r a t u r e  r a n g e .
The r e s u l t s  o f  t h e  m e a s u r e m e n t s  seem n o t e w o r t h y  i n  
s e v e r a l  r e s p e c t s .  F i r s t ,  we h a v e  s e e n  t h e  f i r s t  d e f i n i t e  
n o n - l i n e a r  t e m p e r a t u r e  d e p e n d e n c e .  A l l  t h r e e  a l k a l i e s  
showed d e f i n i t e  maxima i n  Ne,  a s  d i d  Na i n  Ar and  K and  Rb 
i n  N g . The o t h e r  m e a s u r e m e n t s  a l s o  g a v e  v a r y i n g  c u r v a t u r e s .  
F o r  t h e  Ne b u f f e r  g a s ,  t h e  maxima o c c u r r e d  a t  6lO+25°C 
f o r  Na,  265+10°C f o r  K, and 210+10°C f o r  Rb; t h e  maxima 
o c c u r r e d  a t  l o w e r  t e m p e r a t u r e s  a s  t h e  a l k a l i  a t o m i c  number  
i n c r e a s e d .  T h e s e  maxima i n  t h e  p r e s s u r e  s h i f t  c u r v e s  c a n  be 
l o o k e d  a t  a s  a b a l a n c e  o f  t h e  r a t e s  o f  c h a n g e  o f  t h e  Van d e r  
W a a ls  and e x c h a n g e  f o r c e s ;  on t h e  h i g h  t e m p e r a t u r e  s i d e  o f  
t h e  maximum, t h e  Van d e r  W aa ls  f o r c e  i s  i n c r e a s i n g  a t  a 
g r e a t e r  r a t e  t h a n  t h e  e x c h a n g e  f o r c e ,  and on t h e  low 
t e m p e r a t u r e  s i d e  o f  t h e  maximum, t h e  r e v e r s e  i s  t r u e :  t h e
e x c h a n g e  f o r c e  i s  i n c r e a s i n g  a t  a g r e a t e r  r a t e .  The s ec o n d  
a s p e c t  o f  t h e  r e s u l t s  t h a t  seems n o t e w o r t h y  i s  t h a t  t h e  
c u r v e  o f  Na i n  A r  p a s s e s  t h r o u g h  z e r o  a t  625+25°C.  T h i s  
p o i n t  c o r r e s p o n d s  t o  a r o u g h  b a l a n c e  o f  t h e  Van d e r  W aa ls  
and e x c h a n g e  f o r c e s ;  and t h i s  z e r o  s h i f t ,  a l t h o u g h
r y  r y  r y O
c a l c u l a t e d  p r e v i o u s l y  f o r  o t h e r  a t o m s ,  h a s  n o t  b e e n
o b s e r v e d  b e f o r e .  F i n a l l y ,  i t  i s  h o p e d  t h a t  t h e  r e s u l t s  o f  
a l l  o u r  m e a s u r e m e n t s  c a n  l e a d  t o  s i g n i f i c a n t l y  b e t t e r  
c a l c u l a t i o n s  o f  h y p e r f i n e  p r e s s u r e  s h i f t s  b o t h  f o r  t h e s e  and 
o t h e r  a t o m s .
We w i s h  t o  c o n c l u d e  by  m e n t i o n i n g  two p o s s i b l e  
e x p e r i m e n t s  w h ic h  u s e  t h e  same t e c h n i q u e s .  The f i r s t
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e x p e r i m e n t  i s  t o  m e a s u r e  t h e  h y p e r f i n e  p r e s s u r e  s h i f t  o f
i n  He,  Ne,  A r ,  N2 , and  Kr o v e r  t h e  t e m p e r a t u r e  r a n g e
- 1 2 5  t o  850°C .  Ces ium  c a n  b e  e a s i l y  o p t i c a l l y  pumped,  and
t h e  o n l y  a d d i t i o n a l  e q u ip m e n t  n e c e s s a r y  t o  make t h e
m e a s u r e m e n t s  i s  a s i g n a l  g e n e r a t o r  a t  9 . 1  GHz. The s e c o n d
e x p e r i m e n t  i s  t o  m e a s u r e  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e
Kb h f s  l i n e w i d t h  i n  Kr b u f f e r  g a s ,  o b s e r v i n g  t h e  f o r m a t i o n
o f  RbKr molecules as a function of temperature. Bouchiat^ 
8 nand  H a r tm a n n  h a v e  c a l c u l a t e d  t h e  m o l e c u l a r  (RbKr)
80c o l l i s i o n  e f f e c t  on  t h e  l i n e w i d t h ,  and H a r tm an n  h a s  
m e a s u r e d  t h e  l i n e w i d t h  a t  27°C a s  a f u n c t i o n  o f  Kr b u f f e r  
g a s  p r e s s u r e .  We s u g g e s t  u s i n g  t h e  low t e m p e r a t u r e  o p t i c a l  
pum ping  t e c h n i q u e  t o  m e a s u r e  t h i s  l i n e w i d t h  o v e r  t h e  





















A. K a s t l e r ,  J .  P h y s .  Radium 11_, 255 ( 1 9 5 0 ) .
J .  P. W i t t k e  and R. H. D i c k e ,  P h y s .  Rev.  9 6 , 530  ( 1 9 5 4 ) .
R. H. D i c k e ,  P h y s .  Rev.  8 9 , 472  ( 1 9 5 3 ) .
A c o m p l e t e  b i b l i o g r a p h y  o f  p r e s s u r e  s h i f t  m e a s u r e m e n t s  
i s  g i v e n  i n  A p p e n d i x  I .
E. S .  E n s b e r g  and  G. zu  P u t l i t z ,  P h y s .  Rev.  L e t t .  2 2 ,  
13^9 ( 1 9 6 9 ) .
E. C. B e a t y ,  P. L. B e n d e r ,  and  A. R. C h i ,  P h y s .
Rev.  1 1 2 , 450  ( 1 9 5 8 ) .
P. L. B e n d e r ,  E. C. B e a t y ,  and A. R. C h i ,  P h y s .  Rev.  
L e t t .  jL, 311 ( 1 9 5 8 ) .
A. L. Bloom and J .  B. C a r r ,  P h y s .  Rev.  1 1 9 ? 19^-6 ( i 9 6 0 ) .
M. A r d i t i  and T. R. C a r v e r ,  P h y s .  Rev.  1 2 4 , 800  ( 1 9 6 1 ) .
A. T. Ramsey and L. W. A n d e r s o n ,  J .  Chem. P h y s .  4_3, 191 
( 1 9 6 5 ) .
R. A. Brown and F .  M. P i p k i n ,  P h y s .  Rev.  1 7 4 , 48  ( 1 9 6 8 ) .
L. C. B a l l i n g ,  R. H. L a m b e r t ,  J .  J .  W r i g h t ,  and R. E.  
W e i s s ,  P h y s .  Rev.  L e t t .  22_, l 6 l  ( 1 9 6 9 ) .
J .  J .  W r i g h t ,  L. C. B a l l i n g ,  and  R. H. L a m b e r t ,  P h y s .  
Rev.  A l ,  1018 ( 1 9 7 0 ) .
S. M. B l i n d e r ,  " T h e o ry  o f  A to m ic  H y p e r f i n e  S t r u c t u r e , "  
i n  A d v a n c e s  i n  Quantum C h e m i s t r y , e d . by  P. Lowdin  
(A cadem ic’ t r e s s ,  frew Y o r k ,  1985)  ? V o l .  I I ,  p .  47-
J .  D. J a c k s o n ,  C l a s s i c a l  E l e c t r o d y n a m i c s  ( J o h n  W i l e y  
and S o n s ,  New Y o r k ,  1 9 8 2 ) ,  p"! l 4 b .
M. M iz u s h im a ,  Quantum M e c h a n ic s  o f  A tom ic  S p e c t r a  and 
A to m ic  S t r u c t u r e  (W. A. B e n j a m i n ,  New Y o r k ,  1 9 7 0 ) ,  
p . '  3 0 2 .
E. F e r m i ,  Z. P h y s .  6 0 ,  320 ( 1 9 3 0 ) •
N. F .  Ramsey,  M o l e c u l a r  Beams ( C l a r e n d o n  P r e s s ,  O x f o r d ,  






















G. B r e l t  an d  I .  I .  R a b i ,  P h y s .  Rev.  3 8 , 2082 ( 1 9 3 1 ) .
H. A. B e t h e  and  R. W. J a c k i w ,  I n t e r m e d i a t e  Quantum
M e c h a n i c s  (W. A. B e n j a m i n , ftew Y o r k ,  1 9 6 8 ) ,  2nd e d . ,  
p7 TtT.
E. U. Condon and  G. H. S h o r t l e y ,  The T h e o r y  o f  A tom ic
S p e c t r a  ( U n i v e r s i t y  P r e s s ,  C a m b r id g e ,  1953)*  
p p .  b 3 - 6 b.
H. M a rg e n a u ,  P.  F o n t a n a ,  and L. K l e i n ,  P h y s .  Rev.  1 15 ,
87 ( 1 9 5 9 ) .
L. B. R o b i n s o n ,  P h y s .  Rev.  1 1 7 , 1275 ( i 9 6 0 ) .
F .  J .  A d r i a n ,  J .  Chem. P h y s .  32 ,  972 ( i 9 6 0 ) .
R. Herman and H. M a rg e n a u ,  P h y s .  Rev.  1 2 2 , 1204 ( 1 9 6 1 ) .
W. D. D a v i s o n ,  J .  P h y s .  B 2_, 1110 ( 1 9 6 9 ) .
J .  D. L y o n s ,  S. Ray,  and T. P. D a s ,  P h y s .  Rev.  174 ,  112
( 1 9 6 8 ) ;  1 8 1 , 465 ( 1 9 6 9 ) .
C. M. D u t t a ,  N. C. D u t t a ,  and T. P. D a s ,  P h y s .  Rev.  A 2 ,
30 ( 1 9 7 0 ) .
B. B l e a n e y ,  " H y p e r f i n e  S t r u c t u r e  and E l e c t r o n
P a r a m a g n e t i c  R e s o n a n c e , "  i n  H y p e r f i n e  I n t e r a c t i o n s ,- 
e d .  by  A. J .  F ree m a n  and  R. B3 F r a n k e l  (Academ ic  
P r e s s ,  New Y o rk ,  1 9 6 7 )* P- 11.
B. K. Rao ,  D. I k e n b e r r y ,  and T. P. D as ,  P h y s .  Rev.  A 8 , 
1673 ( 1 9 7 3 ) .
S. Ray ,  J .  D. L y o n s ,  and T. P.  D a s ,  P h y s .  Rev.  174 ,  104
( 1 9 6 8 ) ;  1 8 1 , 465 ( 1 9 6 9 ) .
G. A. C l a r k e ,  J .  Chem. P h y s .  3,6, 2211 ( 1 9 6 2 ) .
G. Das and S.  Ray ,  P h y s .  Rev.  L e t t .  24_, 1391 ( 1 9 7 0 ) .
S .  Ray ,  G. D as ,  P.  M a ld o n a d o ,  and A. C. W ah l ,  P h y s .
Rev.  A 2 ,  2196 ( 1 9 7 0 ) .
D. I k e n b e r r y  and T. P. D a s ,  P h y s .  Rev.  L e t t .  27? 79
( 1 9 7 1 ) .  ~
W. D. D a v i s o n  and Y. C. L iew ,  J .  P h y s .  B 5_, 309  ( 1 9 7 2 ) .
J .  P. B a r r a t  and C. C o h e n - T a n n o u d j i ,  J .  P h y s .  Radium 2 2 ,  
3 2 9  ( 1 9 6 1 ) .  ~
N. F r a n z e n  and A. G. E m s l i e ,  P h y s .  Rev.  1 0 8 , 1453 ( 1 9 5 7 ) .
1 1 8
39- F« A. F r a n z  and J .  R. F r a n z ,  P h y s .  Rev.  1 4 8 , 82 ( 1 9 6 6 ) .
4 0 .  R. B e r n h e i m ,  O p t i c a l  Pumping (W. A. B e n j a m i n ,  New Y o rk ,
1 9 6 5 ) ,  p .  35-
4 1 .  L. C. B a l l i n g ,  O p t i c a l  Pumping ( t o  be  p u b l i s h e d  i n
A d v a n c e s  i n  Quantum E l e c t r o n i c s ,  V o l .  I I I ) .
4 2 .  L. C. B a l l i n g ,  R. J .  H an so n ,  and F .  M. P i p k i n ,  P h y s .
Rev.  1 3 3 , A6 0 7  ( 1 9 6 4 ) .
4 3 .  J .  A. R. Samson and G. L. W e i s s l e r ,  " A b s o r p t i o n ,
P h o t o i o n i z a t i o n ,  and  S c a t t e r i n g  C r o s s  S e c t i o n s , "  
i n  M e th o d s  o f  E x p e r i m e n t a l  P h y s i c s , e d .  by
B. Bede'r's'on and W. L. F i t e  (Academic  P r e s s ,  New 
Y o rk ,  1 9 6 8 ) ,  V o l .  7A, p .  143-
4 4 .  L. I .  S c h i f f ,  Quantum M e c h a n ic s  (M c G raw -H i l l  Book
Company,  New Y o r k ,  194'9) * 1 s t  e d . ,  p .  2 4 7 .
4 5 . J .  J .  W r i g h t ,  L. C. B a l l i n g ,  and  R. H. L a m b e r t ,  P h y s .
Rev.  1 8 3 , 180 ( 1 9 6 9 ) .
4 6 .  R. E. W e i s s ,  R. H. L a m b e r t ,  and L. C. B a l l i n g ,  P h y s .
Rev.  A 2 ,  1745 ( 1 9 7 0 ) .
4 7 .  The R a d io  A m a t e u r ' s  Handbook ( A m e r ic a n  R a d io  R e l a y
L e a g u e ,  H a r t f o r d ,  C o n n . ,  1 9 6 1 ) ,  3 8 t h  e d . ,  p .  435*
4 8 .  S. J .  D a v i s ,  Ph .  D. d i s s e r t a t i o n ,  U n i v e r s i t y  o f  New
H a m p s h i r e ,  1973 ( u n p u b l i s h e d ) .
49-  A. C. G. M i t c h e l l  and M. W. Zem ansky ,  R e s o n a n c e
R a d i a t i o n  and E x c i t e d  Atoms (M a c M i l la n  C o . , 
C a m b r i d g e , 1 9 3 4 ) ,  p7 21 .
5 0 .  C. W. H e t z l e r ,  R. W. Borem an,  and K. B u r n s ,  P h y s .
Rev.  4 8 ,  6 5 6  ( 1 9 3 5 ) .
5 1 .  L. C. B a l l i n g ,  P h y s .  Rev.  1 5 1 , 1 ( 1 9 6 6 ) .
5 2 .  R. C. A. T e c h n i c a l  M anual  PT-60  ( R a d io  C o r p o r a t i o n  o f
A m e r i c a ,  L a n c a s t e r ,  P a . ,  1 9 6 3 ) ,  PP- 111 and 147-
53- J -  R- R e i t z  and F .  J .  M i l f o r d ,  F o u n d a t i o n s  o f
E l e c t r o m a g n e t i c  T h e o ry  (A d d i ' so n -V fe s le y , R e a d i n g ,  
Mass'. , 1 9 6 0 ) ,  p3 1 5 8 .
5 4 .  R. J .  H anson  and F .  M. P i p k i n ,  Rev.  S c i .  I n s t r u m .  3 6 , 
179 ( 1 9 6 5 ) .
55-  J -  J -  W r i g h t ,  Ph .  D. d i s s e r t a t i o n ,  U n i v e r s i t y  o f  New 
H a m p s h i r e ,  1969  ( u n p u b l i s h e d ) .
119
5 6 . F i r e b r i c k  Type JM -2300 ,  R e f r a c t o r i e s  and B u i l d i n g  
S p e c i a l t i e s ,  C a m b r id g e ,  M ass .
57-  R e f r a c t o r y  f i b e r  m a n u f a c t u r e d  by  The C arborundum  C o . ,  
N i a g a r a  F a l l s ,  New Y o rk .
5 8 . G l o b a r  h e a t i n g  e l e m e n t s  m a n u f a c t u r e d  by The Carbo rundum  
C o . ,  N i a g a r a  F a l l s ,  New Y o rk .
59- P r i v a t e  c o m m u n i c a t i o n  w i t h  Mr. R o b e r t  K r a s a ,  Dow 
C o r n i n g  C o . ,  M i d l a n d ,  M ich .
6 0 .  A g e n e r a l  r e v i e w  i s  g i v e n  by W. H a p p e r ,  Rev.  Mod.
P h y s .  4 4 ,  169  ( 1 9 7 2 ) .
6 1. B. S.  M a t h u r ,  H. T a n g ,  and  ¥ .  H a p p e r ,  P h y s .  Rev.  171*
11  ( 1 9 6 8 ) .
6 2 .  F .  B l o c h  and A. S i e g e r t ,  P h y s .  Rev.  5 7 ,  522 ( 1 9 4 0 ) .
6 3 * R- E. H o n i g ,  RCA Review 23 ., 574 ( 1 9 6 2 ) .
6 4 .  R. E. W e i s s ,  Ph.  D. d i s s e r t a t i o n ,  U n i v e r s i t y  o f  New
H a m p s h i r e ,  1969  ( u n p u b l i s h e d ) .
6 5 * S. Dushman,  S c i e n t i f i c  F o u n d a t i o n s  o f  Vacuum T e c h n i q u e  
( J o h n  W i l e y  and S o n s ,  New ‘Y o rk ,  1962)  , 2nd ed'. , 
p .  49 1 .
6 6 . R. C. W e a s t ,  Handbook o f  C h e m i s t r y  and  P h y s i c s  (The
C h e m ic a l  R u b b e r  C o . , C l e v e l a n d , O h i o , 1 9 6 6 - 1 9 6 9 ) ,  
4 9 t h  e d . ,  p . F - 9 6 .
6 7 . P y r e x  Labw are  C a t a l o g  LAB-1 ( C o r n i n g  G l a s s  W orks ,
C o r n i n g ,  New Y o rk ,  1 9 6 7 )-
6 8 . F u se d  Q u a r t z  C a t a l o g  Q142-68 ( G e n e r a l  E l e c t r i c ) .
6 9 * V. 0 .  A l t e m o s e ,  J .  A p p l .  P h y s .  32_, 1309 ( 1 9 6 1 ) .
7 0 .  R. M. B a r r e r ,  D i f f u s i o n  i n  and t h r o u g h  S o l i d s  (C am b r id g e
U n i v e r s i t y  P r e s s ,  C a m b r id g e ,  l ’9 4 l ) ,  pp'. 1 3 4 -1 3 5 •
71* A. Beckmann,  K. D. B o k l e n ,  and  D. E l k e ,  Z. P h y s .  27 0 ,
173 ( 1 9 7 4 ) .
7 2 .  S .  P e n s e l i n ,  T. M oran ,  V. W. C ohen ,  and G. W i n k l e r ,
P h y s .  Rev.  1 2 7 , 524 ( 1 9 6 2 ) .
73* L. C. B a l l i n g  and F .  M. P i p k i n ,  P h y s .  Rev.  1 3 9 j A19
( 1 9 6 5 ) •
74 .  J .  Mathews and R. L. W a l k e r ,  M a t h e m a t i c a l  M ethods  o f
P h y s i c s  (W. A. B e n j a m i n ,  New Y o r k ,  1 9 6 5 ) j S e c . 1 4 - 6 .
120
75- W. H. Beyer, Handbook of Tables for Probability and 
Statistics (The Chemical Rubber Co., Cleveland, 
Ohio, 19b0), 2nd ed., p. 2 9 4 .
7 6 . J .  V a n i e r ,  J .  P .  S i m a r d ,  and  J .  S .  B o u l a n g e r ,  P h y s .
Rev.  A 9 ,  1031 (197*0 •
77* B. K. Rao and  T. P.  D a s ,  P h y s .  Rev.  1 8 5 , 95 ( 1 9 ^ 9 ) •
7 8 . B. K. Rao,  D. I k e n b e r r y ,  and T. P. D a s ,  P h y s .  Rev.  A 2 ,  
l 4 l l  ( 1 9 7 0 ) .  ~~
79-  C. C. B o u c h i a t ,  M. A. B o u c h i a t ,  and L. C. L. P o t t i e r ,  
P h y s .  Rev.  1 8 1 , 144 ( 1 9 6 9 ) .
8 0 .  F .  H a r tm a n n  and F .  H a r t m a n n - B o u t r o n ,  P h y s .  Rev.  A 2 ,
1885  ( 1 9 7 0 ) .  “
8 1.  D. K u n ik  and U. K a l d o r ,  J .  Chem. P h y s .  55_, 4127  ( 1 9 7 1 ) .
8 2 .  R. J .  B e l l  and A. E. K i n g s t o n ,  P r o c . P h y s .  S o c .
Lond.  8 8 , 901 ( 1 9 6 6 ) .
8 3 . J .  0 .  H i r s c h f e l d e r , C. F .  C u r t i s s ,  and R. B. B i r d ,
M o l e c u l a r  T h e o r y  o f  G ases  and L i q u i d s  ( J o h n  W i l e y  
and S o n s ,  hew Y o r k ,  195*0 9 P*- 92 2 .
8 4 .  E. M e r z b a c h e r ,  Quantum M e c h a n ic s  ( J o h n  W i l e y  and S o n s ,
New Y o r k ,  197° ) j 2nd e d . ,  pp .  4 l 7 - 4 l 9 -
8 5 . W. D. D a v i s o n ,  P r o c .  P h y s .  S o c .  Lond.  8j _ ,  133 ( 1 9 6 6 ) .
8 6 . J .  C. S l a t e r ,  Quantum T h e o r y  o f  A to m ic  S t r u c t u r e
(M c G ra w -H i l l  Book Co. , hew York, I 9 6 0 ) ,  Vol. I I ,
p .  8 .
8 7 . A. D a l g a r n o  and A. L. S t e w a r t ,  P r o c .  R. S o c .  A 2 3 8 , 2 6 9
( 1 9 5 6 ) .  ~
8 8 . C. S c h w a r t z ,  Ann. P h y s .  (N. Y . )  2 ,  156  ( 1 9 5 9 ) -
8 9 . P.  0 .  Low din ,  Adv.  P h y s .  5_, 96  ( 1 9 5 6 ) .
90 .  K. H uang ,  S t a t i s t i c a l  M e c h a n ic s  ( J o h n  W i l e y  an d  S o n s ,
New Y o r k ,  1963)9  P- 142.
91 .  R. A. B uck ingham  and D. M. D u p a r c ,  P r o g r e s s  i n
I n t e r n a t i o n a l  R e s e a r c h  on  Therm odynam ic  and 
T r a n s p o r t  P r o p e r t i e s  (A cadem ic  P r e s s ,  hew Y o rk ,
1 9 6 2 ) ,  p .  3 7 « .
121
APPENDIX I
ANNOTATED BIBLIOGRAPHY OF PRESSURE SHIFT INVESTIGATIONS 
E x p e r i m e n t s
1.  J .  P. W i t t k e  and R. H. D i c k e ,  P h y s .  Rev.  9 6 , 530 ( 1 9 5 4 ) .
h - h2
2 .  J .  P. W i t t k e  and  R. H. D i c k e ,  P h y s .  Rev.  1 03 ,  620
( 1 9 5 6 ) .
h - h2
3- M. A r d i t i  and T. R. C a r v e r ,  P h y s .  Rev.  109 ,  1012 ( 1 9 5 8 ) .
N a-N e,  Ar
4 .  M. A r d i t i  and T. R. C a r v e r ,  P h y s .  Rev.  112 ,  449 ( 1 9 5 8 ) ;
B u l l .  Am. P h y s .  S o c .  3 ,  185  ( 1 9 5 8 ) .
C s -H e ,  Ne,  A r ,  K r ,  X e ,  H2 , N2
5 . E. C. B e a t y ,  P. L. B e n d e r ,  and A. R. C h i ,  P h y s .  Rev.  112 ,
450  ( 1 9 5 8 ) ;  B u l l .  Am. P h y s .  S oc .  3 ,  185  ( 1 9 5 8 ) .
C s -H e ,  Ne,  A r ,  K r ,  N2
6 . P.  L. B e n d e r ,  E. C. B e a t y ,  and A. R. C h i ,  P h y s .  Rev.
L e t t .  1 ,  311 ( 1 9 5 8 ) .
Rb-He,  Ne,  A r ,  K r ,  H2 , D2 , N2
7 . W. W. H o l l o w a y ,  J r .  and  R. N o v i c k ,  P h y s .  Rev.  L e t t .  1_,
367 ( 1 9 5 8 ) .  
n - n 2
8 . M. A r d i t i ,  J .  P h y s .  Radium JL9, 873 ( 1 9 5 8 ) .
N a-N e ,  A r ,  N
C s -H e ,  Ne,  AY, K r , Xe,  H2 , N2
9- L. W. A n d e r s o n ,  F .  M. P i p k i n ,  and J .  C. B a i r d ,  J r . ,
P h y s .  Rev.  1 1 6 , 87  (1959)*
N-Ne,  A r
10.  L. W. A n d e r s o n ,  F .  M. P i p k i n ,  and J .  C. B a i r d ,  J r . ,
P h y s .  Rev.  L e t t .  ^4, 69  ( i 9 6 0 ) .
H-He,  Ne,  A r ,  Hp 
D-Ne,  Ar  
T -N e ,  A r
11.  A. L. Bloom and J .  B. C a r r ,  P h y s .  Rev.  119* 19*^6 ( i 9 6 0 ) .














L. ¥ .  A n d e r s o n ,  P .  M. P i p k i n ,  and  J .  C. B a i r d ,  J r . ,
P h y s .  Rev.  1 2 0 ,  1279 ( i 9 6 0 ) ;  1 2 2 ,  1962  ( 1 9 6 1 ) ;
B u l l .  Am. P h y s .  S o c .  4-, 4 l 8  ( l '9 5 9 )  •
H-He,  Ne,  A r ,  Hp 
D-Ne,  A r  
T -N e ,  A r
W. ¥ .  H o l l o w a y ,  J r .  and E. L u s c h e r ,  Nuovo C lm en to  1 8 ,
1296  ( i 9 6 0 ) .  
n - n 2
M. A r d i t i  and T. R. C a r v e r ,  P h y s .  Rev.  1 24 ,  800  ( 1 9 6 1 ) .  
C s -H e ,  Ne,  A r ,  K r ,  Xe,  H2 , N2
¥ .  ¥ .  H o l l o w a y ,  J r . ,  E.  L u s c h e r ,  and R. N o v i c k ,  P h y s .
Rev.  1 26 ,  2109  ( 1 9 6 2 ) ;  B u l l .  Am. P h y s .  S o c .  7 ,  26
( 196277 -  
n - n 2
F.  M. P i p k i n  and  R. H. L a m b e r t ,  P h y s .  Rev.  1 27 ,  78 7  
( 1 9 6 2 ) ;  B u l l .  Am. P h y s .  S o c .  5 ,  4 l 2  ( i 9 6 0 ) .
H-He, Ne,  A r ,  H ~
D-Ne,  A r  d
T -N e ,  Ar
R. H. L a m b e r t  and F. M. P i p k i n ,  P h y s .  Rev.  1 2 8 , 198
( 1 9 6 2 ) ;  B u l l .  Am. P h y s .  S o c .  7 , 30 7  ( 1 9 6 2 ) .
P -H e ,  Ne
R. H. L a m b e r t  and F .  M. P i p k i n ,  P h y s .  Rev.  129 ,  1233
( 1 9 6 3 ) ;  B u l l .  Am. P h y s .  S o c .  7* 26 ( 19627^
N-He,  Ne,  A r ,  Ng
A. T. Ramsey and L. ¥ .  A n d e r s o n ,  J .  Chem. P h y s .  4 3 ,  191 
( 1 9 6 5 ) ;  B u l l .  Am. P h y s .  S o c .  9 ,  62 5  ( 1 9 6 4 ) .
N a-H e ,  Ne,  A r ,  K r ,  Xe,  H2 , SV)
R. A. Brown and F .  M. P i p k i n ,  P h y s .  Rev.  174 ,  48 ( 1 9 6 8 ) .  
H-Ar 
T-A r
P. A. Thompson,  J .  J .  Am ato ,  P.  C r a n e ,  V. ¥ .  H u g h e s ,
R. M. M o b le y ,  G. zu  P u t l i t z ,  and J .  E. R o t h b e r g ,
P h y s .  Rev.  L e t t .  _22, 163  ( 1 9 6 9 )-  
M uonium-Ar,  Kr
E. S.  E n s b e r g  and G. zu  P u t l i t z ,  P h y s .  Rev.  L e t t .  2 2 ,  
1349 ( 1 9 6 9 ) .
Rb-Ar ( q u a d r a t i c )
J .  J .  ¥ r i g h t ,  L. C. B a l l i n g ,  and R. H. L a m b e r t ,  P h y s .  
Rev.  1 8 3 , 180 ( 1 9 6 9 ) -  
L i - H e ,  Ne,  Ar
123
24. S . D. Rgsner and F. M. Pipkin, Phys. Rev. A 1, 5 7 1 (1 9 7 0). 
He^(2^S,)-He
2 5 . J .  J .  W r i g h t ,  L. C. B a l l i n g ,  and R. H. L a m b e r t ,  P h y s .
Rev.  A 1 , 1018 ( 1 9 7 0 ) .
D-He
2 6 .  R. E. W e i s s ,  R. H. L a m b e r t ,  and  L. C. B a l l i n g ,  P h y s .
Rev.  A 2 ,  1745 ( 1 9 7 0 ) .
N-He,  Ne,  Ng
2 7 . F .  H a r tm a n n  and F .  H a r t m a n n - B o u t r o n ,  P h y s .  Rev.  A 2 ,
1885  ( 1 9 7 0 ) .  ~
Rb-Kr
28 .  S.  J .  D a v i s ,  J .  J .  W r i g h t ,  and  L. C. B a l l i n g ,  P h y s .
Rev.  A 3 , 1220 ( 1 9 7 1 ) •
Mn-Ne
2 9 . T. C r a n e ,  D. C a s p e r s o n ,  P. C r a n e ,  P.  E g a n ,  V. W. H u g h e s ,
R. S ta m b a u g h ,  P. A. Thompson,  and  G. zu  P u t l i t z ,
P h y s .  Rev.  L e t t .  2 7 , 474  ( 1 9 7 1 ) -  
M uonium-Ar,  Kr " ( q u a d r a t i c )
30 .  D. F a v a r t ,  P. M. M c I n t y r e ,  D. Y. S t o w e l l ,  V. L. T e l e g d i ,
R. DeVoe,  and R. A. S w anson ,  P h y s .  Rev. L e t t .  2 7 ,
1340 ( 1 9 7 1 ) -
Muonium-Ar,  Kr ( q u a d r a t i c )
31 .  J .  J .  W r i g h t ,  P h y s .  Rev.  A 6_, 524 ( 1 9 7 2 ) .
D-Ne,  A r
32 .  C. L. Morgan and E. S. E n s b e r g ,  P h y s .  Rev.  A 7> 1494




33- W. C h ase  and  R. H. L a m b e r t ,  B u l l .  Am. P h y s .  S o c .  1 8 ,
120 ( 1 973 ) .
Ag-Ne
34 .  J .  V a n i e r ,  J .  F .  S i m a r d ,  and J .  S.  B o u l a n g e r ,  P h y s .
Rev.  A 9 , 1031 (197*0 •
Rb-He,  Ne,  A r ,  N2
35- R- R* F r e e m a n ,  E. W. M a t t i s o n ,  D. E. P r i t c h a r d ,  and
D. K l e p p n e r ,  P h y s .  Rev.  L e t t .  33> 397 (197*0-
K-Ar
3 6 . B. L. Bean  and R. H. L a m b e r t ,  P h y s .  Rev.  A ( t o  be
p u b l i s h e d ) ;  B u l l .  Am. P h y s .  S o c .  1 8 , 120 ( 1 9 7 3 ) -
N a-H e,  Ne,  A r ,  No 
K-He,  Ne,  A r ,  No 
Rb-He,  Ne,  A r ,  No
124
T h e o r e t i c a l
1.  H. M a rg e n a u ,  P. F o n t a n a ,  and  L. K l e i n ,  P h y s .  Rev.  115*
87 ( 1 9 5 9 ) .
Rb-He,  Ne,  A r ,  K r ,  X e,  Np ( s e m i - e m p i r i c a l )
C s -H e ,  Ne,  A r ,  K r ,  Np
2 .  D. H. R ank ,  ¥ .  B. B i r t l e y ,  D. P. E a s t m a n ,  and T. A.
W i g g i n s ,  J .  Chem. P h y s .  3 2 ,  2 9 8  ( i 9 6 0 ) .
H-He,  N e,  A r ,  Hp ( s h i f T ~ v s  p o l a r i z a b i l i t i e s )
3 . L. B. R o b i n s o n ,  P h y s .  Rev.  1 1 7 , 1275 ( i 9 6 0 ) .
Rb-He,  Ne,  A r ,  K r ,  Np ( s e m i - e m p i r i c a l )
C s -H e ,  Ne,  A r ,  K r ,  Np
4 .  F.  J .  A d r i a n ,  J .  Chem. P h y s .  3_2, 972 ( i 9 6 0 ) .
H-Ne,  A r ,  K r ,  Xe,  Hp ( l o n g - r a n g e  and  s h o r t - r a n g e )
5 . R. Herman and H. M a rg e n a u ,  P h y s .  Rev.  1 2 2 , 1204 ( 1 9 6 1 ) .
Rb-He,  Ne,  A r ,  K r ,  Xe,  Np ( s e m i - e m p i r i c a l )
C s -H e ,  Ne,  A r ,  K r ,  Np
6 . G. A. C l a r k e ,  J .  Chem. P h y s .  3 6 , 2211  ( 1 9 6 2 ) .
H-He ( u n i f i e d )
7 . F .  J .  A d r i a n ,  P h y s .  Rev.  1 2 7 , 8 3 7  ( 1 9 6 2 ) ;  B u l l .  Am.
P h y s .  S o c .  6 , 151 ( 1 9 6 1 ) ;  B u l l .  Am. P h y s .  S o c .  7*
433 ( 1 9 6 2 ) .
N-He,  Ne ,  A r ,  Np ( l o n g - r a n g e  and s h o r t - r a n g e )
8 . S.  Ray and  T. P. D a s ,  P h y s .  Rev.  1 74 ,  32 ( 1 9 6 8 ) ;  l 8 l ,
46 5  ( 1 9 6 9 ) .
N-He ( s h o r t - r a n g e )
9- S. Ray,  J .  D. L y o n s ,  and T. P. D a s ,  P h y s .  Rev.  174 ,  104
( 1 9 6 8 ) ;  1 8 1 , 465 ( 1 9 6 9 ) -  
H-He ( l o n g - r a n g e  and s h o r t - r a n g e )
10.  J .  D. L y o n s ,  S. Ray ,  and T. P. D a s ,  P h y s .  Rev.  17 4 ,  112
( 1 9 6 8 ) ;  l 8 l , 465 ( 1 9 6 9 ) -
N-He ( l o n g - r a n g e )
11 .  W. D. D a v i s o n ,  J .  P h y s .  B 2 ,  1110 ( 1 9 6 9 )-
H-He,  Ne,  A r ,  K r ,  Xe '(’l o n g - r a n g e )
12 .  B. K. Rao and T. P. D a s ,  P h y s .  Rev.  1 8 5 , 95 ( 1 9 6 9 ) -
H-He ( l o n g - r a n g e  and s h o r t - r a n g e " )
N-He
13 .  G. Das and S. R ay ,  P h y s .  Rev.  L e t t .  2 4 ,  1391 ( 1 9 7 0 ) .
H-He ( u n i f i e d )
14 .  C. M. D u t t a ,  N. C. D u t t a ,  and  T. P. D a s ,  P h y s .  Rev.  A 2 ,
30 ( 1 9 7 0 ) .












B. K. R ao ,  D. I k e n b e r r y ,  and  T.  P .  D a s ,  P h y s .  Rev.  A 2 ,  
l 4 l l  ( 1 9 7 0 ) .  “
H-He,  Ne,  A r ,  K r ,  Xe ( l o n g - r a n g e  a n d  s h o r t - r a n g e )
S. R ay ,  G. D a s ,  P. M a ld o n a d o ,  and A. C. W a h l ,  P h y s .
Rev .  A 2_, 2196 ( 1 9 7 0 ) .
L i - H e  ( u n i f i e d )
Na-He
D. I k e n b e r r y  and  T. P.  D a s ,  P h y s .  Rev.  L e t t .  2 7 ,  79
( 1 9 7 1 ) .
H-He ( s h o r t - r a n g e )
D. K u n ik  and  U. K a l d o r ,  J .  Chem. P h y s .  55., 4127  ( 1 9 7 1 ) .  
H-He ( l o n g - r a n g e  and s h o r t - r a n g e )
W. D. D a v i s o n  and Y. C. L ie w ,  J .  P h y s .  B 5., 309 ( 1 9 7 2 ) .  
H-He ( u n i f i e d )
S.  Ray and S. L. Kaufman,  P h y s .  Rev.  L e t t .  2 9 , 895
( 1 9 7 2 ) .
Muonium-Ar ( q u a d r a t i c )
Rb-Ar
C s -A r
P. J .  F o r t u n e  and  P.  R. C e r t a i n ,  J .  P h y s .  B 6_, L39
( 1 9 7 3 ) .
H-He ( l o n g - r a n g e )
C. M. D u t t a ,  N. C. D u t t a ,  and T. P. D a s ,  P h y s .  Rev.  A 7_, 
60 ( 1 9 7 3 ) .
H e 4 ( 2 3 s ^ ) - H e  ( u n i f i e d )
B. K. Rao ,  D. I k e n b e r r y ,  and T. P. D a s ,  P h y s .  Rev.  A 8_, 
1673 ( 1 9 7 3 ) .
L i -H e  ( l o n g - r a n g e  and s h o r t - r a n g e )
G. D a s ,  P h y s .  Rev.  A JL1, 732  ( 1 9 7 5 ) -  
He:5( 2 J S 1 )-H e  ( l o n g - r a n g e )
126
APPENDIX I I  
CALCULATION OF H-HE PRESSURE SHIFT
We w i l l  d e s c r i b e  i n  t h i s  A p p e n d i x  a  c a l c u l a t i o n  o f  
t h e  h y p e r f i n e  p r e s s u r e  s h i f t  f o r  H i n  He by Ray,  L y o n s ,  and
Q 1
Das i n  1 9 6 8 . We h a v e  i n d i c a t e d  i n  C h a p t e r  I I  t h a t  m o s t  o f  
t h e  p r e s s u r e  s h i f t  c a l c u l a t i o n s  h a v e  b e e n  done  f o r  t h e  
H-He s y s t e m  b e c a u s e  o f  t h e  g r e a t e r  a c c u r a c y  a v a i l a b l e  f o r  
H and He wave f u n c t i o n s .  T h i s  p a r t i c u l a r  p a p e r  by Ray i s  
i n t e r e s t i n g  b e c a u s e  i t  was t h e  f i r s t  c a l c u l a t i o n  by  t h e  
l o n g - r a n g e  and s h o r t - r a n g e  c o n t r i b u t i o n s  t e c h n i q u e ,  and i t  
was f o l l o w e d  i n  s u c c e e d i n g  y e a r s  by  many s i m i l a r  c a l c u l a t i o n s  
by Das and  o t h e r s . 7 7 * 7 8 , 8 1
What we w i s h  t o  c a l c u l a t e  i s  t h e  f r a c t i o n a l  s h i f t  i n  
t h e  h y p e r f i n e  f r e q u e n c y  o f  a H a to m  due t o  t h e  p r e s e n c e  o f  
He b u f f e r  g a s  a t o m s .  T h i s  i s  done  by  f i r s t  c o n s i d e r i n g  
a H a to m  and one  He a to m  s e p a r a t e d  by a n  i n t e r n u c l e a r  
d i s t a n c e  R, and f i n d i n g  t h e  s h i f t  i n  t h e  f r e e - a t o m  H 
h y p e r f i n e  f r e q u e n c y  due t o  t h e  p r e s e n c e  o f  t h e  He a tom .
A f t e r  c a l c u l a t i n g  t h i s  s h i f t  i n  t h e  h y p e r f i n e  f r e q u e n c y  a s  a 
f u n c t i o n  o f  R, a f i n a l  a v e r a g e  o v e r  a l l  p o s s i b l e  H-He 
i n t e r n u c l e a r  s e p a r a t i o n s  w i l l  g i v e  us  t h e  a v e r a g e  s h i f t  i n  
t h e  H h y p e r f i n e  f r e q u e n c y  due t o  t h e  He b u f f e r  g a s .
We h a v e  m e n t i o n e d  i n  C h a p t e r  I I  t h a t  t h e  m a in  
p e r t u r b a t i o n  on t h e  H f r e e - a t o m  h y p e r f i n e  f r e q u e n c y  by a 
He a to m  a t  l a r g e  i n t e r n u c l e a r  s e p a r a t i o n s  i s  due t o  t h e
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Van d e r  W a a l s  I n t e r a c t i o n  b e t w e e n  t h e  two a t o m s .  The Van
d e r  W a a ls  i n t e r a c t i o n  e n e r g y  i s  known q u i t e  a c c u r a t e l y  f o r  
82H-He,  s o  t h a t  i f  we u s e  a v a r i a t i o n - p e r t u r b a t i o n  method  
t o  d e t e r m i n e  t h i s  e n e r g y  t h e n  t h e  f i r s t - o r d e r  v a r i a t i o n a l  
wave f u n c t i o n  w h ic h  we f i n d  c a n  be  u s e d  t o  c a l c u l a t e  t h e  
s h i f t  i n  t h e  h y p e r f i n e  e n e r g y .  To c a l c u l a t e  t h i s  h y p e r f i n e  
e n e r g y  c h a n g e  we as sum e  t h a t  t h e  H-He u n p e r t u r b e d  s y s t e m  i s  
s u b j e c t  t o  two p e r t u r b a t i o n s :  t h e  F e r m i  c o n t a c t  t e r m  and
t h e  Van d e r  W a a l s  i n t e r a c t i o n .  A t  s m a l l  i n t e r n u c l e a r  
s e p a r a t i o n s  we f i n d  t h e  h y p e r f i n e  e n e r g y  s h i f t  by u s i n g  a 
s i n g l e  wave f u n c t i o n  1 i ' C R ”) > f o r  t h e  H-He s y s t e m
A £ C I O  s  I I 4* C
e 0  <*t«»)inFi'n*<o>
w h e r e ,  a s  we m e n t i o n e d  i n  C h a p t e r  I I ,  Hp i s  t h e  F e r m i  
c o n t a c t  p o t e n t i a l  and i s  t h e  wave f u n c t i o n  f o r  t h e
c o m p l e t e l y  s e p a r a t e d  a t o m s .
T h e s e  two f r a c t i o n a l  s h i f t s  ( l o n g - r a n g e  and 
s h o r t - r a n g e  c o n t r i b u t i o n s )  i n  t h e  H h y p e r f i n e  f r e q u e n c y  a r e  
t h e n  a v e r a g e d  o v e r  a l l  p o s s i b l e  H-He i n t e r n u c l e a r  
s e p a r a t i o n s ,  and a c u t o f f  r a d i u s  i s  u s e d  t o  s e p a r a t e  t h e  two 
e f f e c t s .  Now t h a t  we h a v e  o u t l i n e d  t h e  p r e s s u r e  s h i f t  
c a l c u l a t i o n ,  we w i l l  d e s c r i b e  i t  i n  more  d e t a i l ,  b e g i n n i n g  
w i t h  t h e  l o n g - r a n g e  e f f e c t .
When t h e  H and He a to m s  a r e  f a r  a p a r t  t h e  m ain  
i n t e r a c t i o n  comes f r o m  t h e  Van d e r  W a a l s  e f f e c t .  To ex am in e
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t h i s  e f f e c t  we s h a l l  c o n s i d e r  t h e  p o t e n t i a l  e n e r g y  o f  
i n t e r a c t i o n ^  b e t w e e n  two a to m s  w i t h  a t o m i c  n u m b ers  Za , Zb 
and  e l e c t r o n s  n a , n.
w i t h  t h e  c o o r d i n a t e s  drawn i n  F i g u r e  2 9 . The v e c t o r s  r a
and F^ a r e  t h e  d i s t a n c e s  t o  n u c l e i  a and b ,  and r ^ ,  F-  a r e  
t h e  d i s t a n c e s  f ro m  t h e  i t h  e l e c t r o n  t o  n u c l e u s  a and f ro m  
t h e  j t h  e l e c t r o n  t o  n u c l e u s  b .  T h i s  f u n c t i o n  c a n  be  
e x p a n d e d  i n  a power  s e r i e s  i n  1 /R  w h e re  R = ' ^ o r
n e u t r a l  a to m s  t h e  f i r s t  n o n z e r o  t e r m  ( c a l l e d  t h e  d i p o l e -  
d i p o l e  t e r m )  w i l l  i n v o l v e  l / R ^  and c a n  be w r i t t e n  i n  t e r m s  
o f  s p h e r i c a l  h a r m o n i c s  Y^m
V a - j i  1 f » r i
+ V,_, CO Y „ C ^  ] *
+ V O ' A - . C a )  +
w h e re  e l e c t r o n  1 r e f e r s  t o  t h e  H a to m  and e l e c t r o n s  2 and 3 
r e f e r  t o  t h e  He a to m .  To s i m p l i f y  m a t t e r s ,  we w i l l  o n l y  
c o n s i d e r  t h e  d i p o l e - d i p o l e  t e r m ;  h o w e v e r ,  R a y ^ 1 a l s o  
i n c l u d e d  l / R ^  and l / R ^  t e r m s .
The v a r i a t i o n - p e r t u r b a t i o n  m ethod  w i l l  now be 
a p p l i e d .  The u n p e r t u r b e d  H-He wave f u n c t i o n  and e n e r g y
FIG . 29
The c o o r d i n a t e s  f o r  two a to m s  a and b w i t h  
i n t e r n u c l e a r  s e p a r a t i o n  R.
electron i electron j






a r e  > -  + o C R )  < M H & )  and  E0 = EH + EH e, fo u n d
f r o m  t h e  H a m i l t o n i a n  f o r  t h e  s e p a r a t e d  a t o m s ,  w h e re
and  4 . t u o  a r e  t h e  a t o m i c  g r o u n d - s t a t e  wave f u n c t i o n s
oa
o f  H and  He.  By s t a n d a r d  p e r t u r b a t i o n  t h e o r y  t h e  
f i r s t - o r d e r  and  s e c o n d - o r d e r  Van d e r  W aa ls  p e r t u r b e d  
e n e r g i e s  a r e
w h e re  I * i  > i s  t h e  f i r s t - o r d e r  p e r t u r b e d  wave f u n c t i o n .  
The f i r s t - o r d e r  e n e r g y  e ( ^ )  i s  z e r o  s i n c e  l * o >  i s  
composed  o f  S - s t a t e s  and t h e  i n t e g r a l  o f  t h e  t h r e e  s p h e r i c a l  
h a r m o n i c s  w i l l  v a n i s h .  Now we c a n  w r i t e  I > a s  a d o u b l e  
pow er  s e r i e s  i n  1 /R 8 5
IH*, > - t  ' C /  C O
and  s i n c e  V i s  a l s o  a power  s e r i e s  i n  1/R
oo
V  -- I  O O
I L i O>
t h e n  T ,  w i l l  be t h e  s o l u t i o n  o f
(  h .  -  t o  + v t l y r a  - - o  t , L > o .  c « . )
T h i s  i s  o b t a i n e d  f ro m  s u b s t i t u t i n g  e x p r e s s i o n s  ( l 4 )  and (1 5 )
Oh
f o r  and  V i n t o  t h e  f i r s t - o r d e r  p e r t u r b a t i o n  e q u a t i o n
< . « » - e  ® i  •V, > * v \ ' v „ >  *
132
The s e c o n d - o r d e r  Van d e r  W aa ls  e n e r g y  becom es
£ t 0  *  ] _  } 
l ,L *«
85a l l  t h e  c r o s s  t e r m s  i n  t h e  sums v a n i s h .
Now i t  i s  t i m e  t o  employ t h e  v a r i a t i o n a l  m e th o d .
I f  we m i n i m i z e  t h e  f u n c t i o n a l
I < H« - E h  + * < ' t I U \ V l l L l'V<>>
A ^
by varying the function Yj , then by equation (16) the
minimum value is
J j , Ltw»'oO s < 'f,t L l I >
and
00
,  •£ J * LC i n i »0 /
« I
We w i l l  c o n s i d e r  o n l y  t h e  l o w e s t  o r d e r  t e r m s  J - ^  and Yi 
w h ic h  g i v e  t h e  l / R ^  Van d e r  W aa ls  e n e r g y .  The f i r s t - o r d e r  
v a r i a t i o n  f u n c t i o n  i s  e x p r e s s e d  a s  a f u n c t i o n  c o n t a i n i n g  t h e  
v a r i a t i o n  p a r a m e t e r s  t i m e s  t h e  u n p e r t u r b e d  wave f u n c t i o n
V /  •  W .
w h ere  f d _d i s  c h o s e n  t o  h a v e  t h e  fo rm  o f  Vd d
* H|  f » i  ,ftv"  V l > vh <VX. U)  * V„tOV,.,U)
+  Y , . U )
+  Y „ W  Y , „  U )  * Y , . 1n ' ) Y u U > ]  \  .
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The v a r i a t i o n  p a r a m e t e r s  a r e  An k  and  NQ = 1 , 4 , 9 , . . .  i s  
c h o s e n  l a r g e  en o u g h  t o  a s s u r e  c o n v e r g e n c e  o f  t h e  Van d e r  
W aa ls  e n e r g y .
H a r t r e e - F o c k  wave f u n c t i o n s  a r e  c h o s e n  f o r  t h e  
u n p e r t u r b e d  H and  He wave f u n c t i o n s ,  and  t h e  H a r t r e e - F o c k  
r a d i a l  e q u a t i o n s  u ]_ ( r 1 ) ,  u2 ( r 2 ) ,  and u ^ ( r ^ )  a r e ^
t - 5 7 * -  7 , l U i C r h  -  H
L - k T ?  -  ^  + S 5 6 , u m^ r O
*  T * »  V  He.
t - k * j  - 1 ,  +
3 '»3
w i t h
t .  * £» + ** - ( jirxj.r3 .
> * » »
O I
C a l c u l a t i o n s  by Ray o f  t h e  e n e r g y  show t h a t  w i t h  49 
p a r a m e t e r s  s u f f i c i e n t  c o n v e r g e n c e  i s  o b t a i n e d  and  t h e  Van 
d e r  W a a l s  e n e r g y  t e r m  g i v e s  t h e  v a l u e
E .* " -- / R <*
82
w h ic h  c o m p a re s  w i t h  B e l l ' s  more a c c u r a t e  v a l u e  o f
= -  /ft* *  .
A f t e r  e v a l u a t i n g  t h e  v a r i a t i o n  p a r a m e t e r s  An ^ ,  t h e  
n e x t  s t e p  i s  t o  e v a l u a t e  t h e  l o n g - r a n g e  c o n t r i b u t i o n  t o  t h e  
h y p e r f i n e  p r e s s u r e  s h i f t ,  and t h i s  i s  done  by  c o n s i d e r i n g  
t h e  H-He u n p e r t u r b e d  s y s t e m  t o  b e  s u b j e c t  t o  two
13^
p e r t u r b a t i o n s  Hv (Van d e r  W aa ls  i n t e r a c t i o n )  and Hp ( F e r m i  
c o n t a c t  t e r m ) . The p e r t u r b e d  e n e r g i e s  a r e  g i v e n  b y ^
E°' = < 'Vo I H ’ I 'I. >
E lW -- ■ C H ' o l H ' l ' O
« < f ,  U « ' - 1 “ )
w h e re  H 1 = Hy + Hp , IM\> = \H \v >  + \ % w >  , and 1 % V> and
a r e  t h e  f i r s t - o r d e r  Van d e r  W a a ls  and h y p e r f i n e  
p e r t u r b e d  wave f u n c t i o n s .  The f i r s t - o r d e r  e n e r g y  g i v e s  
s i m p l y  t h e  f r e e - a t o m  h y p e r f i n e  e n e r g y  h"V 0 * and t h e  
s e c o n d - o r d e r  t e r m s  l i n e a r  i n  Hv and Hp v a n i s h .  F o r  t h e  
t h i r d - o r d e r  e n e r g y ,  t h e  l i n e a r  h y p e r f i n e  t e r m s  a r e
I M\y >
+ > .
The l o n g - r a n g e  c o n t r i b u t i o n  t o  t h e  f r e q u e n c y  s h i f t  w i l l  be 
g i v e n  by
A V  ( R )  I -  t ___
Y«kv»^e, k v 0
We h a v e  a l r e a d y  c a l c u l a t e d  I > by  t h e  v a r i a t i o n  m e th o d ,  
and  i s  w r i t t e n  a s  a  p r o d u c t  o f  wave f u n c t i o n s
W y ?  -- * „ < - * 0 * o C H O
w h e re  t h e  p e r t u r b e d  h y d r o g e n  a tom  wave f u n c t i o n  * , .=  0 0  i s
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f o u n d  by t h e  m ethod  o f  D a l g a r n o  and  Lewis.®® W i th  t h i s  
m ethod  a f u n c t i o n  F i s  d e f i n e d  so  t h a t
I  -- <-h f - ,  l n )
and  t h e  f i r s t - o r d e r  p e r t u r b e d  wave f u n c t i o n  becomes
-- f f  A r .
F o r  t h e  h y p e r f i n e  s p l i t t i n g  o f  a H a to m ,  t h e  f u n c t i o n  F
88f o u n d  f ro m  e q u a t i o n  ( 1 7 ) i s
F = - - * ‘x U v 4 . V ' T .
Y
31The l o n g - r a n g e  c o n t r i b u t i o n  t h e n  g i v e s  t h e  r e s u l t
6 V ( R ) = -  4 . o S 7 «  / p t  _
Ioy\^
The s h o r t - r a n g e  c o n t r i b u t i o n  t o  t h e  f r e q u e n c y  s h i f t  
i s  f o u n d  by  u s i n g  a d e t e r m i n a n t a l  wave f u n c t i o n  composed o f  
S c h m id t  o r t h o g o n a l i z e d  wave f u n c t i o n s
I H ’ C R W  = : = -  A e A  |  I
i v
and i s  g i v e n  by
H p J ' f  C R 1  7 -  I n V ,
tL .L W-V,ih o v t
. (\%)
The S c h m id t  o r t h o g o n a l i z e d  wave f u n c t i o n s  A ,  , t x  , and 
<f>^ a r e  w r i t t e n  i n  t e r m s  o f  t h e  H and He g r o u n d - s t a t e  
f u n c t i o n s  > and ^He and £  r e f e r  t o  t h e
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+ 1 /2  and - 1 /2  s p i n  s t a t e s )  a s
♦  l '  ♦  M f c *
1 $  He ^
f j  « t '  - 3-!^L -  SCR)*„»1 *
w i t h  t h e  o v e r l a p  i n t e g r a l
S t f O  “ ^  ^ rH^ ^ r H •
The o v e r l a p  i n t e g r a l  i s  e v a l u a t e d  by  L o w d i n ' s  o^ - f u n c t i o n
o r i g i n  i n  t e r r a s  o f  c o o r d i n a t e s  o f  a n o t h e r  o r i g i n .  A f t e r
i n  p o w e rs  o f  S(R)  and e q u a t i o n  ( l 8 ) i s  e v a l u a t e d ,  n o t i n g  
t h a t  t h e  c o n t r i b u t i o n  f ro m  t h e  two p a i r e d  s p i n  s t a t e s  o f  
t h e  He a to m  c a n c e l .  The r e s u l t  i s
We h a v e  o b t a i n e d  e x p r e s s i o n s  f o r  t h e  l o n g - r a n g e  
and s h o r t - r a n g e  c o n t r i b u t i o n s  t o  t h e  f r a c t i o n a l  p r e s s u r e  
s h i f t  a s  a f u n c t i o n  o f  R, and now i t  i s  n e c e s s a r y  t o  a v e r a g e  
t h i s  e f f e c t  o v e r  t h e  i n t e r n u c l e a r  s e p a r a t i o n .  We w i l l  u se  
c l a s s i c a l  s t a t i s t i c a l  m e c h a n i c s  and w i l l  c o n s i d e r  t h e  
e n s e m b le  a v e r a g e  o f  t h e  f r a c t i o n a l  p r e s s u r e  s h i f t  f o r  a
t e c h n i q u e ^  w h ic h  e x p r e s s e s  a wave f u n c t i o n  c e n t e r e d  a t  one
e v a l u a t i n g  S ( R ) ,  t h e  e x p r e s s i o n  £  I -  ft) 3 ^  i s  e x p an d e d
“V>o
137
s y s t e m  o f  N b u f f e r  g a s  a to m s  e n c l o s e d  i n  a vo lum e  V90
<SL> -
^  p , ... ^  f  d  R | ... d  R m £  -vc ^
w i t h  Ej_(p^^ Rj_) = /2m  + V(Ri ) t h e  e n e r g y  o f  t h e  i t h  a to m ,
t h e  momentum o f  t h e  i t h  a to m ,  and V(R^) t h e  i n t e r a t o m i c  
p o t e n t i a l .  The momentum i n t e g r a t i o n s  c a n c e l  i n  t h e  
n u m e r a t o r  and d e n o m i n a t o r ,  and e a c h  o f  t h e  A *» lf tO  / * ^ o  -^s
o f  t h e  same f o r m ,  so
< « >  - - v c r oS e
Ray u s e s  a n  i n t e r a t o m i c  p o t e n t i a l  g i v e n  by  B u ck in g h am ^ 1
-  )  e
- 1 . 4 *  ft 0  .s  i  M  2.
V C t O  * ^  \ + O . U ^  f t  -  ( O '  +  ( 0
a  < ft < 3
\ .
- o.zs^ ft4  ) ef1,l!? *
^  .C>1|<0 / * < •  R  > Z  .
We h a v e  p l o t t e d  R2 e -V ( R) //kT and  R2 v s  R i n  F i g u r e  3 0 ,  and 
by e x a m i n i n g  t h e  g r a p h  i t  i s  a p p a r e n t  t h a t
( * *  a  » #^  \  f t  d R  V ( t h e  v o l u m e ) .
FIG .  30
A p l o t  o f  R ^ e “V (R) / k T  and  r 2 vs  ^  H-He













So we h a v e
The l o n g - r a n g e  and  s h o r t - r a n g e  e f f e c t s  a r e  now
c o m b in ed  u s i n g  a c u t o f f  r a d i u s  Rc = 6  a . u .  The l o n g - r a n g e
r e s u l t  d e p e n d s  s t r o n g l y  on t h e  c h o i c e  o f  R , and t h e  v a l u e
o f  6 a . u .  was c h o s e n  t o  a s s u r e  c o n v e r g e n c e  o f  t h e  l o n g - r a n g e
SIc o n t r i b u t i o n  t o  t h e  s h i f t .  The t h e o r e t i c a l  f r a c t i o n a l  
p r e s s u r e  s h i f t  v a l u e  o b t a i n e d  a t  T=50°C i s
\  _
}<> ' H - H e
com pared  t o  t h e  e x p e r i m e n t a l  v a l u e  o f  W r i g h t ^  a t  T=50°C
I - 1 ° 7 m o V t . y y  ,
( ^ 5  )  U ,  -  ( M . I * 0 . O « l < S  / t o y y .V 'H -  Hfc '
The e r r o r  i n  t h e  t h e o r e t i c a l  p r e s s u r e  s h i f t  c a n  be 
a t t r i b u t e d  m a i n l y  t o  a l a c k  o f  e l e c t r o n  c o r r e l a t i o n  i n  t h e  
wave f u n c t i o n  used  f o r  t h e  s h o r t - r a n g e  c o n t r i b u t i o n .  The 
b e s t  c a l c u l a t i o n  o f  t h e  H-He f r a c t i o n a l  p r e s s u r e  s h i f t  h a s  
come f r o m  D a v i s o n  ( 3 - 6 6 x l O ~ ^ / T o r r ) ^ ^  who u s e d  a u n i f i e d  
v a l e n c e  bond a p p r o a c h  w i t h o u t  a c u t o f f .  D a v i s o n  u se d  a wave 
f u n c t i o n  w i t h  19  v a l e n c e  bond c o n f i g u r a t i o n s ,  and e a c h  
c o n f i g u r a t i o n  was c o n s t r u c t e d  f ro m  a n t i s y m m e t r i z e d  p r o d u c t s  




The f o l l o w i n g  BASIC p r o g ra m  LEAK c a l c u l a t e s  t h e  rms 
p r e s s u r e  s h i f t  d i f f e r e n c e s  due t o  c y c l i n g .  The i n p u t  
p a r a m e t e r s  a r e  t h e  i n i t i a l  b u f f e r  g a s  p r e s s u r e  PO ( c g s  u n i t s ) ,  
t h e  vo lum e  o f  t h e  b u l b  V ( c m ^ ) ,  t h e  l i n e a r  c o e f f i c i e n t  o f  
t h e r m a l  e x p a n s i o n  A ( c m /c m ) ,  and  t h e  f r e e - a t o m  h y p e r f i n e  
f r e q u e n c y  VO ( H z ) .  The f i l e  'HEDATA# 1 c o n t a i n s  a l i s t i n g  
o f  t h e  f o l l o w i n g  f o u r  q u a n t i t i e s  e a c h  t i m e  t h e  t e m p e r a t u r e  
was v a r i e d :  t h e  i n i t i a l  t i m e  Ml ( m i n ) ,  t h e  i n i t i a l
t e m p e r a t u r e  T1 ( ° K ) ,  t h e  f i n a l  t i m e  M2 ( m i n ) , and  t h e  f i n a l  
t e m p e r a t u r e  T2 ( ° K ) .  N i s  t h e  num ber  o f  rows  o f  t h e s e  f o u r  
q u a n t i t i e s .  The f i l e  'ALKALIHE#CH1 c o n t a i n s  a  l i s t i n g  o f  
t e m p e r a t u r e s  T9 (°K) and t i m e s  M (m in)  a t  w h ic h  f r e q u e n c y  
m e a s u r e m e n t s  F (Hz) w e re  made d u r i n g  t h e  c y c l i n g  p r o c e d u r e .
N1 i s  t h e  num ber  o f  t h e s e  t e m p e r a t u r e s  T9 and  N ( l ) ,  N ( 2 ) ,
N ( 3 ) ,  and  N (4)  a r e  t h e  num ber  o f  m e a s u r e m e n t s  a t  e a c h  
t e m p e r a t u r e .  F i n a l l y ,  t h e  a v e r a g e  t h i c k n e s s  o f  t h e  b u l b  
D (mm) i s  v a r i e d  i n  t h e  c a l c u l a t i o n s  f ro m  some i n i t i a l  
v a l u e  D1 (mm) t o  some f i n a l  v a l u e  D2 (mm) i n  s t e p s  o f  D3 (mm).
L i  a :
i p p  d i m  r c ’ f o
l i e  f l i n t  " i n f k t  f i l l  , h e d a t a ? / s  • a l k a l i h l * c h " ’ 
i p p  i n p u t  A Z j i - i
1 3 p  f l i n t  " i N r t ’T r e a m . #  v o l u m e ,  a l p h a * *
1 A P  I N P U T  P P ,  \ i j  A 
1 5  P F L I N T  " I N P U T  V P ”
1 6  P I M P L T V P
1 7 p r r i i J T  " i n p u t  & h l  d a t a . ”  
i«p  in H jT  :i
i d p  r r : i n ?  " i n p u t  /■ c h e c k  t i -  f ”
P P P  I iO r F T M l
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r  } r  m m  ’• i : i r t  i  ,* c h e c k  c v c l i s  n 
r . r r  i o t p t  r-K i ) , n c s ) , ; j c 3 > . * n c / i )
2 3 P  P P I MT  " I L ' n ' T  L I I J I T I  ALj  DFIFiAL,  STF. . r"
24 p i w r u ?  r i ,  r r ,  d o
2 5  P FC •' L-  i.■ ] TO 1.'2 3 1L PL 3
2 6 p r= r  p
2 1 ?  OFEtJ 1, f i i j  IMTl ' T
3 P P  OPEN 2.t VZ,  I N P U T
p o p  Cl  = - 6 . 3 7  3 3 5
3 r  p C2= i r ?  4 .  5 n
3 1 r  C= ( 1 f  3 3 •  2 2 7  5 /  1 3 .  50  3 1 ) / 2 7  3
3 P P  A P = 4 * i P I *  ( 3 * V / ( 4 * & n >  >t  P .  6 6 6 6 6 6 7  
3 3 P FOT- I 1= ITCiJ 
3 A P GET I :ri 1, 7  1 , M ? i  T2
35 F FOT I 2=U 1701-i 2
36 ?  7= T 1 + ( T 2 -  T I ) * C I 2-M 1 ) /  (M ? - [ ■ :  1 )
37 F 32= 1+ 3* A* 1 .  P L -  (*6* ( T-  3 F P )
3'7 P K = E K P (  2 .  3 P 2 5 3 5 I*  ( C l -  C 2 / T )  )
30 P L= C* A P * 6 P * K * ? / <  0 * 0 * 3 2 )
A P P r = F* < 1 -  L )
41 P U L'  .'T 12
4 2. P F C !•’ 2 ) = r  
4 3 3  NLKT I )
4 4 p f o ’- j  i= ! t  j:; i
4 5  2 1-1,.!' vJ 2= 17 0 3  CJ 1 )
46  P G I T
47 2 2 ( . J 2 > = ( F -  V P ) /  F ( K )
4 P P  GIU'T J P
4 n P 26= ( 2■ < 2 ) -  2 ( 1 ) ) * ( 2 ( 2 )  -  3 C 1 ) )
5 P P I F  M(,J 1 ) =  3 GOTO 6 P P
5 I P  2 o = S 6
5 PP GOTO ‘" T P
6 op  37 = c2TC3>- r -C l ) ) * ( S < 3 > - 2 <  1 ) )
6 1 P 30= ( 2 ( 3 )  -  2 C 2 ) ) * C 3 ( 2 )  -  3 ( P ) )
6 2 P I F  S7> = 36  GOTO 7 2P 
6 3 P I F  2 0 > = 2 6  GOTO 7 P P  
6 4 P 20= c 6
6 5  P GOTO r’ r r '
7 PP I F  26>= 3 7 GOTO POP 
7 I P  I F  20>  = 37 GOTO P P P  
7 ? P  30= 37
7 3 2  GOTO OF!”
7 r> p r  o = f  p
o p p  L = F + 30
p l p : ; f - ' 7  j  i
o P P L 1 = 2 p r  ( E )
o p p  r r - i : ;  t  , , l ,  21. m r  0= •• u  e i
n 4 P CL0 2E 1 
OOP CL 0 2 L 2 
OOP L= P 
07  P ME'-'T D 




T h i s  BASIC p r o g r a m  LEAK1 c a l c u l a t e s  t h e  p r e s s u r e  
s h i f t s  ( a c c o u n t i n g  f o r  l e a k a g e )  f o r  a g i v e n  He s a m p le  by  
u s i n g  t h e  opt im um  a v e r a g e  b u l b  t h i c k n e s s  fo u n d  u s i n g  LEAK. 
A l l  t h e  i n p u t  p a r a m e t e r s  a r e  t h e  same a s  f o r  t h e  p r e v i o u s  
p r o g r a m .  The f i l e  'ALKALIHE#F1' c o n t a i n s  a c o m p l e t e  l i s t i n g  
o f  t e m p e r a t u r e s  T9 (°K) and  t i m e s  M9 (m in )  a t  w h ic h  
f r e q u e n c y  m e a s u r e m e n t s  F (Hz)  w e re  made.  F I  (Hz)  i s  t h e  
s t a n d a r d  d e v i a t i o n  o f  F .  M i s  t h e  t o t a l  num ber  o f  f r e q u e n c y  
m e a s u r e m e n t s .
LEAK 1
1 0 0  DIM P ( 9  0 0 )
1 1 0  P R I N T  " I N P U T  F I L E  * HEDATA# ' *  '  ALKALI  HEiPF 1 • "  
1 2 0  I N P U T  A $ * B $
1 3 0  P R I N T  " I N P U T  PC0RR1 j  VOLUME* ALP HA"
1 4 0  I N P U T  P Q j  \ J j  A 
1 5 0  P R I N T  " I N P U T  V 0 "
1 6 0  I N P U T  V0
1 7 0  P R I N T  " I N P U T  #HE DATA* # F R E Q "
1 8 0  I N P U T  N *  M
2 3 0  P R I N T  " I N P U T  BULB T H I C K N E S S "
2 4 0  I N P U T  D 
2 6 0  P = P 0
2 7 0  OPEN 1 j  A$> IN PUT
28 0 OPEN 2 ,  B $ ,  IN PUT
29 0 C 1 = -  6 .  3 7 2 5 5  
3 0 0  C2= 1 0 8 4 .  59
3 1 0  C=< 1 0 3 3 .  2 2 7 5 / 1 3 .  5 9 5 1 J / 2 7 3
3 2 0  A0= 4*  <S P I  + ( 3*V/(4>l«<£PI  ) ) t  0 .  6 6 6 6 6 6 7
3 3 0  FOR I 1= 1 TON
3 4 0  GET 1:  M 1 * T1 j  M2j  T2
35 0 FOR I 2 = M 1 TOM2
3 6 0  T=T1 + ( T 2 - T 1 ) * C I 2 - M 1 > / C M 2 - M 1 >
3 7 0  S2= 1 + 3 * A *  1.  0 E - 0 6 * < T - 3 0 0 )
3 8 0  K= EXP(  2 .  3 0 2 5 8 5 1 * ( C 1 - C 2 / V ) )
3 9 0  L = C * A 0 * 6 0 * K * T / ( D * V * S 2 >
4 0 0  P = P * <  1 - L  )
I k k
41 0 N EX T I 2
4 2 0  P ( M2 )  = P
4 3 0  NEXT I 1
4 4 0  FOP. J  1= 1 TOM
4 5 0  GET 2s T 9 j M 9 j  F ,  F I
4 6 0  S= ( F - V 0 ) / P ( M 9 )
47 0 P R I N T  T 9 , M 9 , S  
4 3 0  M EXT J  I 
49 0 CL OS E  1 
5 0 0  CLOSE 2 
5 1 0  END
